REMARKS 

Applicants continue to take exception to the restriction required deleting claims 1-20 
from examination. In the instant circumstance, the method is inoperable save for the apparatus 
of claim 21 et seq and the apparatus is not understood nor applied except in the performance of 
the method of claims 1-20. The stated grounds for rejection of claims 21-41 belie a 
misunderstanding of the structure and operation of the claimed apparatus and the method which 
was restricted out. 

In the Office Action dated July 19, 2007, claims 21-25, 31-35 and 37-41 were rejected. 
Claims 26-30 and 36 were objected to. Applicants have reviewed carefully the Office Action 
and proffer the following remarks. 

Claims 21-24, 31-35 and 37-41 have been rejected under 35 USC 103(b) as anticipated 
by Sun et al., U.S. Patent Number 6,225,653. The elements of the Sun et al. reference are 
alleged to duplicate those of the claimed invention. 

Applicant's invention is an ionization detector which measures the amount (quantity) of 
electrons with characteristic energies which are produced by an ionization process. The 
ionization source may be metastable atoms produced during glow discharge in an inert gas. 
The metastables have a known energy level which ionizes the subject impurities having 
ionization potentials at or below that level. Alternatively, photoionization using photons of a 
definite energy (with wavelength in ultraviolet region) are used and the inert gas is not needed 
because no metastables are required. The wavelength of the photons is selected to ionize 
impurities only. The important point is that it is the electrons, not ions such as are generated in 
mass spectrometry, which are being measured. Discrimination is on the basis of energy, not 
mass. 

To make such a measurement, an equipotential space is required as recited in claim 
21(b). The location of the equipotential space is shown at the bottom of Figs 1 and 2 and 
explained in [0045]. Electrons in the equipotential space migrate to cathode 5 by a "random 
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walk" process and arrive with tlie initial kinetic energy essentially unchanged. This 
phenomenon is explained in detail at [0047]. The apparatus is designed and operated to 
perform the method of claim 1 , i.e. electron spectroscopy. 

Equipotential space is explained in the attachments, a) Wikipaedie and b), Northwestern 
Physics Department with an explanation of equipotential lines. It is a region of negligible electric 
field sufficient to allow free diffusion (random walk) of electrons and, in this invention, is the 
focus of ionization of impurities. The equipotential space must be sufficient in size that it is 
greater than the Debye length as described in [001 1] and [0047]. Also for the Office's 
edification, a copy of Kolokolov, et al. Phvsica Scripta 50, 371 (1994) is attached. Please note 
page 374, col. 2, lines 1-2 from bottom and page 375, col. 1, lines 1-4. 

If an electron is ejected during ionization of an impurity atom by a particle of definite 
energy (metastable atom, photon, etc.), it gets some kinetic energy and some electric potential 
energy relative to electrodes of the chamber. Kinetic energy is characteristic to said impurity 
atom or molecule, it equals the difference between the energy of ionizing particle (metastable 
atom, photon, etc.) and ionization threshold of the impurity. Total energy of electron is sum of 
kinetic and potential energy. It is well known from electrostatic laws that if you provide zero (or 
negligible) electric field in the region, electric potential here is uniform (i.e., equipotential space). 
Thus, all electrons ejected from one kind of impurity atoms in any point of the equipotential 
ionization region will get the same total energy. Then they will move randomly through the 
region. Elsewhere (e.g., with a retarding electric field localized near to one of the electrodes) 
you can make energy analysis of these electrons and determine a sort of impurity. Thus, 
providing equipotential space (feature (b) of claim 21 ) is vitally necessary, if you decide to 
analyze electron's energy. Sun et al. doesn't teach electron energy analysis and for this reason 
doesn't anticipate providing of equipotential space at ionization region. 

Applicant's claim 21, part (a), requires inter alia that "the ionization chamber geometry 
being chosen in such that a distance from any point inside said ionization chambers to nearest 
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chamber wall or one of said electrodes is less than a mean displacement of electrons before 

tfiey lose tfie chosen portion of their kinetic energy. 

This limitation is ignored in the analysis of Applicants' claim. Instead, reference is made 

to col. 4, lines 33-50 of the reference: 

"As discussed above, UV photons from UV lamp 32 ionize volatile 
gas molecules which are inside ionization chamber 36. An ion 
detector 48 disposed in ionization chamber 36 and positioned 
proximal to optical window 34 collects the resulting electrons and 
ions. Jon detector 48 comprises a pair of electrodes, a bias 
electrode 50 and a measurement electrode 52." 

This is not a detection of electrons with a specific energy, but a simple non-specific 
ionization detector maximized to low detection limits. No discussion of dimensions in metes and 
bounds or functionality appears in the cited text. 

The same citation (col. 4, lines 33-50 of the reference) is used to invent an equipotential 
space such as that recited in part (b) of claim 21, not withstanding that a substantial 
equipotential space inhibits the response time and reduce sensitivity (due to electrons 
quenching on the wall of the chamber instead of being detecting at (48)) of a PID device 
measuring gross electrical current. It is another reason for part (b) of claim 21 being not 
anticipated by Sun et al. 

Also Applicants analyze the following explanation offered at page 6, lines 6-1 1 : 

"Applicant is respectfully reminded that, the claim does 
specifically claim the distance, any distance taught by Sun et 
al. reads on the claim since kinetic energy lose energy as some 
work is done to bring body from rest to a particular state of 
motion. Thus, before being collected at detector (48), the 
electrons lose energy compared to the energy brought the 
motion." 

It seems like ambiguous mention of energy conservation law and kinetic energy definition only, 

moreover, detector (48) is defined by the reference as ion detector, not the electron one (see 

above cited col. 4, lines 33-50 of Sun et al), so it can't support the statement that Applicant's 

claim 21 (a) is anticipated by Sun. Also regarding this explanation the misunderstanding at the 

Office is made clear. At paragraphs [0043] through [0047] the random free walk of generated 
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electrons is described wliich is quite different from the explanation at page 6 of the Office 
Action. 

Additionally, Applicants provide measurement of electron energies characteristic of a 
single molecular species and not just total current. The reference, like a dog, responds to a 
range of odors as well as odorless compounds such as methane, which is the intended use of a 
PID. Specific impurities are not discriminated in a gross measurement of gasses under analysis 
by Sun et al. 

Claim 25 has been rejected over the combination of Sun with Tooru et al., U.S. Patent 
Number 5,320,577 which teaches the use of the second derivative as a sensitive way to detect 
a change in a variable. In Tooru et al's. disclosure, the signal measured is the change in a 
tungsten oxide detector for air pollution. The concept that a second derivative may be less 
susceptible to noise is not the point of Applicant's invention. The measurement of electron 
energy levels is the objective and claim 25 depends from claim 21, which does not "disclose 
every subject matter as alleged." As has been elucidated above, claim 21 is directed to different 
subject matter with different physical characteristics. Current detected by Applicant is used to 
determine peaks vs. energy to obtain Ej values, the peaks being determined using the second 
derivative to generate a peak from a step-like curve in the first derivative of the raw data 
according to Eq.9 in paragraph [0052]. The ionization potential Ei is the characteristic which 
identifies the impurity. The Ei is irrelevant to Sun, demonstrating yet another difference between 
the reference and Applicants' invention - e.g. the ability to distinguish methane from hydrogen 
sulfide. As a result, part (d) of Applicant's claim 21 can not be recognized as anticipated by Sun 
etal. 

Claims 26-30 and 36 are indicated to be allowable but no reason has been given. 

Given the apparent misunderstanding of claims 21 (and apparently claim 31), Applicants cannot 
know what parts of claim 26 and 36 render them allowable when claims 21 and 31 are not 
allowed. 
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In view of the remarks above Applicants submit that the pending claims are now in 
condition for allowance and request reconsideration and favorable action thereon. 

R^pectfully submitted, 




Herbert OToole 
Registration No. 31,404 
Attorney for Applicant(s) 
NEXSEN PRUET, LLC 
P.O. Box 10107 
Greenville, SC 29603 
Telephone: 864/ 370- 221 1 
Facsimile: 864/282-1177 

Attachments: 1- Wikipeadia 

2- Northwestern Physics 

3- Kolokolov et al. Phvsica Scripta 50 371 
(1994) 
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From Wikipedia, the free encyclopedia 

Equipotential or isopotential in mathematics and physics (especially electronics) refers to a region in space where every point in it is at the 
same potential. This usually refers to a scalar potential, although it can also be applied to vector potentials. Often, equipotential surfaces are 
used to visualize an (n)-dimensional scalar potential function in (n-1) dimensional space. 

Note that an equipotential region might be referred as being 'of equipotential' or simply be called 'an equipotential'. 

For scalar potentials, the gradient in an equipotential region is zero, since there is no change in the value of the potential. This is important in 
physics because the force on a body is often determined by the gradient of that force's potential ftinction. 

For example, there is zero electric field in an equipotential region (that is, a region of constant voltage). A charged particle in such a region 
experiences no electric force. Thus, there is no electric current between two points of equal voltage because there is no force driving the 

electrons. 

Likewise, a ball will not be pulled down by the force of gravity if it is resting on a flat, horizontal surface. This is because points on the surface 
are at equal gravitational potential. 

Interestingly, ignoring local variations in altitude due to geology, the Earth's surface is an equipotential surface in the shape of an oblate 
spheroid due to its rotation and the Earth's gravity, and this fact allows calculation of its shape. That this is an equipotential may be easily seen, 
since if it were not so, the oceans and indeed the landmasses (which are subject to motion due to plate tectonics) would move so as to even out 
the potential. 

For more information, see the general article about potential 



■ Isopotential map 

Retrieved fi-om "http://en.wikipedia.org/wiki/Equipotential" 

Categories: Multivariable calculus | Potential | Physics 

■ This page was last modified 17: 14, 4 May 2007. 

■ All text is available under the terms of the GNU Free Documentation License. (See Copyrights for details.) 

Wikipedia® is a registered trademark of the Wikimedia Foundation, Inc., a U.S. registered 501(c)(3) tax-deductible nonprofit charity. 



See also 
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EQUIPOTENTIAL LINES 
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Electric fields 
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One way to look at the force between charges is to say that the charge alters the space around it by 
generating an electric field E. Any other charge placed in this field then experiences a Coulomb 
force. We thus regard the E field as transmitting the Coulomb force. 

To define the electric field E more precisely, consider a small positive test charge ^ at a given 
location. As long as everything else stays the same, the Coulomb force exerted on the test charge q 
is proportional to q. Then the force per unit charge, 'F/q, does not depend on the charge q, and 
therefore can be regarded meaningfully to be the electric field E at that point. 

In defining the electric field, we specify that the test charge q be small because in practice the test 
charge q can indirectly affect the field it is being used to measure. If, for example, we bring a test 
charge near the Van de Graaff generator dome, the Coulomb forces from the test charge 
redistribute charge on the conducting dome and thereby slightly change the E field that the dome 
produces. But secondary effects of this sort have less and less effect on the proportionality 
between F and q as we make q smaller. 

So many phenomena can be explained in terms of the electric field, but not nearly as well in terms 
of charges simply exerting forces on each other through empty space, that the electric field is 
regarded as having a real physical existence, rather than being a mere mathematically-defined 
quantity. For example when a collection of charges in one region of space move, the effect on a 
test charge at a distant point is not felt instantaneously, but instead is detected with a time delay that 
corresponds to the changed pattem of electric field values moving through space at the speed of 
light. 

Closely associated with the concept of electric field is the pictorial representation of the field in 
terms of lines of force. These are imaginary geometric lines constructed so that the direction of the 
line, as given by the tangent to the line at each point, is always in the direction of the E field at that 
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point, or equivalently, is in the direction of the force that would act on a small positive test charge 
placed at that point. The electric field and the concept of lines of electric force can be used to map 
out what forces act on a charge placed in a particular region of space. 

Figures la and lb show a region of space around an electric dipole, with the electric field indicated 
by lines offeree. The charges in Fig. la are identical but opposite in sign. In Fig. lb the charges 
have the same sign. Above each figure is a picture of a region around charges in which grass seed 
has been sprinkled on a glass plate. The elongated seeds have aligned themselves with the electric 
field at each location, thus indicating its direction at each point. 

A few simple rules govem the behavior of electric field lines. These rules can be applied to deduce 
some properties of the field for various geometrical distributions of charge: 

a) Electric field lines are drawn such that a tangent to the line at a particular point in space 
gives the direction of the electrical force on a small positive test charge placed at the point. 

b) The density of electric field lines indicates the strength of the E field in a particular 
region. The field is stronger where the lines get closer together. 

c) Electric field lines start on positive charges and end on negative charges. Sometimes the 
lines take a long route around and we can only show a portion of the line within a diagram 
of the kind below. If net charge in the picture is not zero, some lines will not have a charge 
on which to end. In that case they head out toward infinity, as shown in Figure lb. 

You might think when several charges are present that the electric field lines fi-om two charges 
could meet at some location, producing crossed lines of force. But imagine placing a charge where 
the two lines intersect. Charges are never confused about the direction of the force acting on them, 
so along which line would the force lie? In such a case, the electric fields add vectorially at each 
point, producing a single net E field that lies along one specific line of force, rather than being at 
the intersection of two lines of force. Thus, it can be seen that none of the lines cross each other. 
It can also be shown that two field lines never merge to become one. 

Under certain circumstances, the rules defining these field lines can be used to deduce some 
general properties of charges and their forces. For example, a property easily deduced fi-om these 
rules is that a region of space enclosed by a spherically symmetric distribution of charge has zero 
electric everywhere within that region (assuming no additional charges produce electric fields 
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inside). Imagine first a spherically symmetric thin shell of positive charge all at a certain distance 
from the center. Field lines from the shell would have to be radially outward equally in all 
directions. If these outward pointing lines continued radially inward beneath the shell, they would 
have nowhere to end. Hence, the field lines must have ended at the surface charge, and there must 
be zero field everywhere inside. Next, suppose the spherically symmetric distribution of charge 
surrounding the uncharged region is not merely a thin shell. We can nevertheless consider the 
charge distribution to be divided up into many thin layers each at a different radius. Each layer 
contributes its own field lines that end at that layer, producing none of the field lines in the region 
enclosed by that layer. Then any point in the region of interest is inside all of the thin layers, 
where all the field lines have ended. We can conclude that the E field is zero at any point within a 
region surrounded by the spherical distribution of charge. 




a b 
Figure 1 Above: Grass seeds align themselves with the electric field between two 
charges. Below: The drawing shows the lines of force associated with the electric field 
between charges. Figure 1a shows a charge pair with negative charge above and positive 
charge below. Figure 1b shows two positive charges. 
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In Figs, la and lb it is seen that the density of field lines is greater near the charges because the 
lines must converge closer together as they approach a particular charge. It can also be shown that 
the electric field intensity increases near conducting surfaces that are curved to protrude outward, 
so that they have a positive curvature. Curvature is defined as the inverse of the radius. A flat 
siirface has zero curvature. A needle point has a very small radius and a large positive curvature. 
The larger the curvature of a conducting surface, the greater the field intensity is near the surface. 

The lightning rod is a pointed conductor. An electrified thundercloud above it attracts charge of the 
opposite sign to the near end of the rod, but repels charge of the same sign to the far end. The far 
end is grounded, allowing its charge to escape. The rod thereby becomes charged by electric 
induction. The cloud can similarly induce a charge of sign opposite to is own in the ground 
beneath it. The strongest field results near the point of the lightning rod, and is intense enough to 
transfer a net charge onto the airbome molecules, thus ionizing them. This produces a glow 
discharge, in which net electric charge is carried up on the ionized molecules in the air to neutraHze 
part of the charge at the bottom of the cloud before it can produce a lightning bolt. 

The electric field representation is not the only way to map how a charge affects the space around 
it. An equivalent scheme involves the notion of electric potential. The difference in electric 
potential between two points A and B is defined as the work per unit charge required to move a 
small positive test charge from point A to point B against the electric force. For electrostatic 
forces, it can be shown that this work depends only on the locations of the points A and B and not 
on the path followed between them in doing the work. Therefore, choosing a convenient point in 
the region and arbitrarily assigning its electric potential to have some convenient value specifies the 
electric potential at every other point in the region as the work per unit test charge done to move a 
test charge between the points. It is usual to choose either some convenient conductor or else the 
ground as the reference, and to assign it a potential of zero. 

This bears some similarity to how the gravitational potential energy was defined. We could have 
considered the "electric potential energy " of a test charge in analogy with the gravitational potential 
energy by considering the work, not the work per unit charge, done in moving a test charge 
between two points. But just as the gravitational potential energy itself cannot be used to 
characterize the gravitational field because it depends on the test mass used, the electiic potential 
energy similarly depends on the test charge used. But the force and therefore the work to move the 
test charge fi-om one location to another is proportional to its charge. Thus the work per unit 
charge, or electric potential difference, is independent of the test charge used as long as the field 
does not vary in time, so that the electric potential characterizes the electiic field itself throughout 
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the region of space without regard to the magnitude of the test charge used to probe it. 

It is convenient to connect points of equal potential with lines in two dimensional problems; or 
surfaces in the case of three dimensions. These surfaces are referred to as equipotential surfaces, 
or equipotentials. 

If a small test charge is moved so that its direction of motion is always perpendicular to the electric 
field at each location, then the electric force and the direction of motion at each point are 
perpendicular. No work is done against the electric force, and the potential at each point traversed 
is therefore the same. Hence a path traced out by moving in a direction perpendicular to the electric 
field at each point is an equipotential. Conversely, if the test charge is moved along an 
equipotential, there is no change in potential and therefore no work done on the charge by the 
electric field. For non-zero electric field this can happen only if the charge is being moved 
perpendicular to the field at each point on such a path. Therefore, electric field lines and 
equipotentials always cross at right angles. 

Figure 2 shows a region of space around a group of charges. The electric lines of force are 
indicated with solid lines and arrows. The electric field can also be indicated by equipotential lines, 
shown as dashed lines in the figure. The mapping of a region of space with equipotential lines or, 
in the case of 3-D space, with equipotential surfaces, provides the same degree of information as 
by mapping out the electric field itself throughout the region. 




Figure 2 Electric field around a group of charges. 

Lines of force are shown as solid lines. Equipotential lines 
are shown as dashed lines. 
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Mapping equipotentials 
between oppositely charged conductors 



The equipotential apparatus is shown in Fig. 3. The power supply is a source of potential 
difference which is measured in Newton-meters per Coulomb. When it is connected to the two 
conductors, a small amount of charge is deposited on each conductor, producing an electric field 
and maintaining a potential difference, identical to that of the power supply, between the two 
conductors. The black paper beneath the conductors is weakly conducting to allow a small current 
to flow. The digital voltmeter measures the potential difference between the point on the paper 
where the probe is held and the conductor connected to the other lead of the voltmeter. 

Choose the conductor geometry for which you will be mapping the field. Start with a circular 
conductor on the north terminal post (furthest away from you) and a horizontal bar on the south 
terminal (nearest you). Mount these conductor pieces on the brass bohs which protrude from the 
black-coated paper. Secure the conductors with the brass nuts. Tighten down the nuts to ensure 
good electrical contact between the conductors and the paper. The north banana jack (away from 




Figure 3 Equipotential Apparatus 
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you ) is red and the south jack is black. The positive terminal of the power supply is connected to 
the red banana jack and the negative terminal to the black banana jack, thereby connecting the 
power supply to the conductors. 

The digital voltmeter measures the potential difference between the two input electrodes. The black 
ground lead of the digital voltmeter (its negative terminal) should be connected to the black negative 
banana jack on the board. You will use the red (positive) lead of the digital voltmeter as a probe. 



. , . , i r-r- li Adjust the power supply to maintain the desired 

Setting the potential difference , , . ^ u ^„ 

'I voltage between the two conductors by followmg 

these steps. Connect the red lead of the digital voltmeter to the red banana jack on the board. (The 

black lead was connected to the black banana jack in the previous step.) Adjust the power supply 

voltage to 6.00 volts, as read on the digital voltmeter. You may have to change the range setting of 

the voltmeter to get the proper reading. When this adjustment is completed, disconnect the red lead 

of the digital voltmeter. You are now ready to take data. 



[. , , . II Each equipotential Ime or surface is specified by the 
Mapping equipotential lines . , , ^ , , „ ■ . u 

ff o 1 -r- |[ g^j^g gjj^gjg ^^j^g ^l^g voltage that all its points have 

with respect to the conductor. The goal is to locate points at each desired potential in order to trace 

out the corresponding equipotential line. 

Suppose, for example, you want to find an equipotential at 5.00 volts. Place the red probe on the 
surface of the black paper and move it around until the digital voltmeter reads 5 volts. This point 
is then at a potential of 5 volts above that of the bar conductor. 

To simplify mapping the region, the bar is inscribed with marks at every two centimeters, and we 
have provided graph paper containing a scale drawing of the apparatus in which we include a scale 
marked with two centimeter rulings. Use a straight edge as a guide for the probe. Line the straight 
edge with one of the scribe marks on the bar and slide the probe along the straight edge, 
maintaining good electrical contact, to find the point where the potential reads 5 volts. Record how 
far up the straight edge this point is, and mark the point on the scale drawing. Label the point as a 
5 volt point. Now, move the straight edge to another scribe mark, similarly find the 5 volt 
potential point, and mark that point on the scale drawing. Repeat this process until you have a 
good idea of the shape of the 5 volt equipotential in the region. Draw a line connecting all the 5 
volt points to show the 5 volt potential surface. 
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Now, go after the 4 volt potential using the same technique. Then, do the same for the 3 volt , 2 
volt and 1 volt potential surfaces. For each case, draw a smooth curve connecting the points at the 
given equal potential. The curve is intended to fall along the equipotential between, as well as at, 
the specific points marked off, so the points should not be connected by straight line segments. 



^ II The result discussed earlier that the electnc field is 

Finding electric field lines , r 

" everywhere at nght angles to the equipotential surfaces 

and the fact that electric fields start on positive charges and end on negative charges can now be 

used to draw the field lines in the region where you have traced the equipotentials. On your 

drawing, place your pen at a point representing the bar conductor surface and draw a line 

perpendicular to the bar going toward the nearest equipotential line. As your line approaches the 

equipotential, be sure that it curves to meet the line at a right angle. Proceed similarly to the next 

equipotential, and so on until your line ends on the drawing of the round conductor. Keep in mind 

that each conductor itself is an equipotential. Retum to the bar in the graph and construct a new 

line starting at an appropriate distance (say 2 cm) fi-om the first line. Continue constructing electric 

field lines to map the entire area on your graph 



1^ ^ . ij The electric field lines and equipotential surfaces that you have mapped 
l| should exhibit features consistent with the properties of the Coulomb 
interaction. You should examine your plot and verify that it shows these features. Here are some 
suggested questions you might be able to address based on examining and analyzing your data. 

Do the electric field lines approach conducting surfaces everywhere at right angles? 

Electric fields are more intense near surfaces with larger curvature. Does the electric field intensity 
increase near the circular electrode as compared to the flat bar electrode, and if so, how? 

Is the density of electrical potential lines related to the intensity of the electrical force? 

Are there electric fields and equipotentials above the plane of the paper whose equipotential lines 
were mapped? If so, could we use the probe to map them? How else could they be mapped? 
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llQUESTIONSi 



The following list of questions is intended to help you prepare for this laboratory session. If you 
have read and understood this write-up, you should be able to answer most of these questions. 
Some of these questions may be asked in the quiz preceding the lab. 

What are three properties of electric lines of force? 

Why do electric lines of force never cross? 

How do the electric lines of force represent an increasing field intensity? 

How can you prove from properties of electric field lines that a spherical distribution of charge 
surrounding an uncharged region produces no electric field anywhere within the region? 

In what way are equipotential lines oriented with respect to the electric field lines? 

Are the electric field representation and the equipotential line representation equivalent in terms of 
how much information they contain about the electric field? 



What are the units of potential difference? 
What are units of electric field? 



Why must the E field be perpendicular to the surface of an ideal conductor? 
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Abstract 

The methods and the results of investigations of the reactions in which 
electrons appear with energies surpassing the average electron distribu- 
tion's energy in a plasma are considered. Particular attention is paid to the 
plasma electron spectroscopy method, whidi combines the advantages of 
the elementary processes examination in a plasma with the possibUities of 
conventional electron spectroscopy. Dau of the study of chemiionization 
reactions involving two excited rare gas atoms. Penning ionizations of 
atoms and molecules by the helium metasuble atoms and quenching of 
excited inert gases and mercuiy atoms by the dectrons are given. The influ- 
ence of the processes of creating fast electrons on the plasma properties is 
discussed. 

Introduction 

The excited and especially the metastable states of atoms 
and molecules play substantial roles in the low temperature 
plasma. Indeed, the density of excited atoms in a plasma can 
exceed by one order of magnitude the charged particle 
density and, as a consequence in these cases, the potential 
energy, stored in the excited states, surpasses many times 
the kinetic energy of the electron gas. At that, the large 
chemical activity of the excited states, their effective partici- 
pation in the ionization, dissociation and excitation pro- 
cesses should be taken into account. We will also point out 
the role of metastable states in the gases stepwise ionization 
of particular interest from the point of view of the numerous 
practical applications and the theoretical description are the 
interactions between the slow heavy particles in which elec- 
trons and ions are formed. They are the so-called chemi- 
ionization processes in which one or both colliding partners 
are excited particles. In order to emphasize their role it is 
useful to mention the penning lasers, based on creation of 
population inversion by effective depopulation of the lower 
lasing level through chemiionization. Besides, the chemi- 
ionization could be one of the stages for creation of inver- 
sion population on transitions of easily ionized fractions. In 
particular, the ionization in the powerful high pressure 
lasers on helium-heavy rare gas mixtures is going on by 
charge exchange of the helium ions or by chemiionizatioa 

The chemiionization reactions are used as an important 
stage at the impurity detection in the laser isotope separa- 
tion. 

Many works (see for example [1-5]) have been dedicated 
to the investigation of the chemiionization reactions. 
However, up to now the reactions involving two excited 



particles remain comparatively less studied, while works 
examining the spectra of the electrons, created in these reac- 
tions, simply do not exist, due to the experimental diffi- 
culties for conducting such measurements. 

If chemiionization reactions are going on in a plasma, it 
turns out that the ratio between the energy of the appearing 
electrons and the average energy of the plasma electrons is 
quite important. At the emerging of hot, fast electrons an 
unequilibrium is established, which influences substantially 
the processes of excitation, ionization and recombination, 
the character of the charged particles diffusion and the tem- 
perature of the main group of electrons. 

The electron impact quenching is quite important for the 
variation of the excited states density, especially the meta- 
stable density. This process and the chemiionization have 
common features: participation in reactions with excited 
particles and delivering of the excitation energy to an elec- 
tron. It is clear that the study of the quenching processes 
gives information for the electron impact excitation of 
atoms and molecules. 

In this review the results of investigations of the 
chemiionization processes and the quenching of excited 
atoms, which are accompanied by a creation of fast elec- 
trons are given. Considerable attention is paid to the least 
studied problem - chemiionization reaction involving two 
excited atoms. Different methods for investigations of the 
processes of forming fast electrons are discussed, including 
the new method of plasma electron spectroscopy (PLES), 
based on detection of electron spectra, yielded by the corre- 
sponding reactions in a plasma. 

1. Processes of creating fast electrons and metiiods for tlieir 
investigation 

From all possible reactions involving excited atoms, as men- 
tioned above, a particular interest represents the processes 
in which ions and electrons are created by collisions 
between slow heavy particles (chemiionization (CI) 
processes), 

A* -I- B*(B) =>A+ + B-)-«-h {8p}, (1.1) 
A* + fl*(B) ->AB* +e + {8a}, (1-2) 
or interactions in which the potential energy of the excited 
states is delivered to the electrons (quenching, second kind 



collisions, superelastic collisions). 

A* + e^A+e + {ei}. (1.3) 

Here, A* and B* are different (or similar) excited atoms; A 
and B are normal atoms; ^4'*' is an atomic ion, while AS* is a 
molecular ion; e is an electron acquiring the energy Bp, or 
Bi in the reactions (1.1)-(1.3) exit channels. The processes (1.1) 
is penning ionization (PI), (1.2) is associative ionization (AI). 

The energy of the electrons appearing in the chemiioniza- 
tion processes (1.1) and (1.2) depends on the ratio between 
the excitation and ionization potentials of the colliding part- 
ners. If the total energy of excitation, E^^ + Eu, of both 
atoms. A* and B*, in the reaction entrance channel is much 
more than the ionization potential of the atom, , or the 
molecule, £^b+ . the fast electrons appear in reactions (1.1) 
and (1.2) with energy £p.^ « E^a + - E^^E^b*)- Here, 
Bp, ^ > fcT, , while T, is the temperature of the maxwelUan 
part of. the electron velocity distribution function in the 
plasma. For example, this is the case when excited hydro- 
gen, rare gases, halogens, nitrogen or oxygen atoms are 
involved in chemiionization processes. The reactions (1.1) 
and (1.2) may go on at nonsymmetric interactions, with par- 
ticipation of normal and excited atoms, if the energy of the 
excited atom substantially exceeds the partner ionization 
energy. A distinctive feature of the chemiionization pro- 
cesses is the fact that the ionization and gaining of the 
kinetic energy (in the first row by the electrons) is imple- 
mented at the expense of the internal excitation energy. 

Up to now a considerable experimental and theoretical 
information about the characteristics of the processes (1.1)- 
(1.3) has been stored (sec for example [1-5]). 

The ways of influence of the chemiionization upon the 
low temperature plasma properties have also been cleared 
out [6]. This influence is multilateral as can be seen from 
(1.1)-(1.3). Really, the reactions under consideration lead 
immediately to a destruction of the excited states and 
appearing of electrons and different types of ions. Therefore, 
they may cause a change in the charged particles density 
and, as a consequence, to a change in the determination of 
the plasma ion composition, the type of ionization and 
recombination. 

Consider the reaction characteristics, the group of the 
rare gas atoms in which CI always produces fast electrons 
will be examined most closely. 

Since excited atoms take part in the processes (1.1), (1.2) 
and charged particles with different masses and energies 
(electrons, atoms and molecular ions) are formed in these 
reactions, information for the essential characteristics of the 
ionization can be derived by: (a) - investigating the varia- 
tions of the excited atom density; (b) - using the method of 
mass - spectroscopy; (c) - using the method of electron 
spectroscopy. 

Up to now, reactions (1.1), (1.2) in rare gases have been 
studied mainly in two types of experiments: in afterglow 
plasma and in merging beams. 

The method used to obtain the rate constant for binary 
interaction of excited atoms in the afterglow plasma consists 
in calculations and measurements of the corresponding 
atoms density time dependencies. Such investigations are 
not widely spread due to the existence of other, more effec- 
tive channels for a destruction of the excited levels, espe- 
cially the radiative ones. 



By mass-spectroscopy the relative yield of molecular and 
atomic ions in the interactions of excited atoms He* + He*, 
Ne* -I- Ne*, Ar* + Ar* has been studied. Besides, as seen 
from the review [1], for the common object of investigations 
- the reaction He* + He*, the discrepancy between the 
results is more than one order of magnitude. The difficulties 
of the mass-spectroscopic diagnostic of reactions (1.1), (1.2) 
are connected with the following circumstances. First of all 
the interaction chamber (plasma volume) and the ion 
analyzer are spatially divided. This allows changes in the 
ion composition of the charged particles at their movement 
towards the analyzer. Second, atomic and molecular ions 
may appear in the plasma not only in reactions (1.1), (1.2), 
but also in other competitive processes, as for example 
Hombeck-Molnar reactions, or the conversion of atomic 
into molecular ions in three-body interactions. On the third 
place there are definite difficulties in the caUbration of the 
analyzer sensitivity towards different ion species. 

The cross-section energy dependence of reactions (1.1), 
(1.2) in the energy range 0.01-10 eV for the metastable atom 
pairs He* - He*, He* - Ne*, Ar* - Kr* has been investi- 
gated up to now using the merging beam technique [1]. The 
ion composition of the reactions (1.1)-(1.2) was analyzed 
there. A weak point in this work is the lack of selection 
between the different types metastable atoms. 

This review shows that at the chemiionization processes 
examination in the quoted, not so numerous, works, one of 
the reaction products, namely the fast electrons, have not 
been used. In this connection it is expedient to compare the 
methods mentioned above as (a), (b) and (c) from the view- 
point of the information for the interactions, obtained by 
their application. The following interactions characteristics 
are of considerable interest: (1) the processes (1.1), (1.2) 
cross-sections dependence on the colliding particles relative 
energy; (2) the respective processes rate constants depen- 
dence on the colhding particles temperature; (3) the energy 
spectra of the ions, appearing in reactions (1.1), (1.2); (4) the 
energy spectra of the electrons, appearing in the same reac- 
tions; (5) the angle distribution of these electrons; (6) the 
energy state of the molecular ion, appearing in reaction 
(1.2); (7) the potential curves of the particles in the entrance 
and in the exit channels of reaction (1.1), (1.2); (8) the width 
of the quasimolecular A*B* autoionization term. 

The application of method (a) allows to solve the prob- 
lems "2" or "1" depending on modification of the method. 
The mass-spectroscopic diagnostics give an opportunity to 
determine in principle the first and the third characteristics 
as well as partially the seventh characteristic - the well 
depth of the quasi molecule potential curve. Only the elec- 
tron spectroscopy methods allow to find out all listed above 
characteristics of the interaction. Thus the widest informa- 
tion for the processes (1,1), (1.2) may be obtained, examining 
the energy spectra of the arising electrons. 

It was pointed out that these processes could be investi- 
gated in a decay plasma or using beam technique. 

The afterglow plasma has defijiite advantages connected 
with the comparatively large density of the excited atoms 
(10'°-10'^cm~'), including radiative states. The beam 
experiments give the opportunity to carry out investigations 
at fixed energy of the colliding particles but at that com- 
pletely evident difficulties appear, connected with the cre- 
ation of two excited atoms beams possessing sufficient 
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intensity (all the more this could be appUed to the atoms in 
the radiative states). 

We shall continue with the reaction (1.3) which has not 
been discussed in details sofar. Suffice it to say that the 
examination of this process in the afterglow plasma by its 
immediate products e.g. - the fast electrons - allows to 
determine the rate coefficient dependence on the electron 
temperature, T,, or the energy dependence of the corre- 



and electron-electron (index e) interactions. In its turn, 
De = 2wV£V(3mvJ; r>. = w5v,T.; V, = w5v,; (2.3) 
D, = wv. T. Aoiw), K = MwK , 
r0.385w/T„ w/r,<2.6, 



where e(^(r) is the radial (ambipolar) potential. Then, in a 
cylindric geometry, the equation for the isotropic part of the 
EDF could be laid down in the form (see for example 
[7-9]): 

+ Vo„.[/o(e.r)-g^/o(e-a:,r)] 



AM 



From the above consideration a conclusion can be drawn 
for the advisability of the processes (1.1)-(1.3) investigation 
by a new method, which combines the advantages to 
examine these elementary reactions in the plasma with the 
resources of the electron spectroscopy - the method of 
plasma electron spectroscopy (PLES). 

The accomplishment of this task requires an analysis of 
the relation between the electron energy distribution func- 
tion in the plasma and the elementary processes (1.1)-(1.3) 
and, on this ground, a development of experimental 
methods for determination of their basic characteristics. Let 
us consider the problems listed above in the given order. 
Afterwards we shall dwell upon the results obtained in the 
investigation of the processes (1.1)-(1.3) and the influence of 
these processes on the plasma properties. 

2. Electron energy distribution function and plasma electron 
spectroscopy method 

In this section the relation between the spectra of electrons 
appearing in the reaction (1.1-1.3) and the. electron energy 
distributing function (EEDF) will be examined. 

2.1 Kinetic equation for the electrons 
In order to accomplish the task set above, it is necessary to 
find the electron distribution function from the Bolt2man 
kinetic equation. We shall consider the case X^A, where A 
is the length of the electron free path and A is the character- 
istic diffusion length of the plasma volume. For cylindrical 
geometry with radius R, A = R/2A. Then, at v, > v* (v., v* 
are the frequencies of elastic and inelastic electron-atom 
interactions) in the EEDF expansion by spherical har- 
monics we could keep the first two terms only. It is advis- 
able to write down the kinetic equation in variables r and 
total ( 



1 



w/T. > 2.6. 



(2.4) 



The approximation i4o(w) [10] enables us to approach the 
electron-electron interactions in the whole energy region 



(2.2) 



Here, D, = vX/i is the coefficient of free electron diffusion, 
= De -I- D, + I>e . V,^V, + V, &Te the coefficients of dif- 
fusion and dynamic friction in energy space at the expense 
of the external field (index E), elastic electron-atom (index a) 



V, = 2v„ = 2;te*N, A^/^/2mw"^ 
where A is the Coulomb logarithm. 
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xUw + E,,r)^v + 2EJm. 



(2.6) 



(2.7) 



Here, v„^ is the total frequency of stepwise excitation and 
ionization processes from the level m; is the energy 
threshold of these processes; N, and N„ are the density of 
normal and excited atoms; and g„ are the statistic 
weights of these levels; and R„ are the rate constant and 
the energy spectra of the reactions (1.1), (1.2); N, is the elec- 
tron number density; Vo„ is the frequency for excitation of 
the level m from the ground state; Cj is the excitation poten- 
tial of level m. 

The first term of eq. (2.2) describes the diffusion departure 
of electrons to the walls. The second one - the variation of 
their energy at the expense of the electron-electron and the 
elastic electron-atom collision as well as the heating in the 
external electrical field. The first term in the equation right 
part corresponds to changes in the electron energy in step- 
wise excitation, the second - to changes in indirect excita- 
tion and deexcitation collisions (reaction (1.3) and the 
inverse one); the third - the appearance of fast electrons in 
reactions (1.1), (1.2). RJw) is the source density for creation 
of these electrons, normalized by the condition 



|"/?o(H')v^ dw = 1. 



(2.7) 



In some cases it is more convenient to rewrite the term 
corresponding to reaction (1.3) in (2.2), introducing the 
respective source RJiw), 



go NJr) 
(2.1) gm N. 



/o(e - w, r)vvoM = /?. N„ N. J?.(w)r, 



(2.8) 



where /S, is the reaction (1.3) rate constant, is its energy 
spectra, normalized by the condition (2.7). 

It is presumed in eq. (2.2), that atoms in one excited state 
with number m take part in reactions (1.1)-(1.3). In the 
weakly ionized discharge and currentless plasma this is the 
metastable state or a block of lower long living resonance 
and metastable states. Their population is much larger than 
the population of other excited states and usually is compa- 
rable or exceeds the charged particles number density. In 
the photo plasma this is the resonance level, pumped by the 
external radiative source, etc. When several excited states, 
participating in the processes (1.1)-(1.3), should be 
accounted, the corresponding terms in eq. (2.2) have to be 
written additively in the form of a sum. 

Further, we shall neglect the stepwise processes (if not 
stated otherwise) at solving of the kinetic equation. Using 
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the Tomson formula. 



(2.9) 



the cross-section for elastic scattering of electrons, <t, = 
(10"''-10-^*cm^), the typical values of 5 = (lO-^-lO"*) 
and the Coulomb logarithm, fs: 10, we could get the 
following estimates: 



(2.10) 



5v, w ~ iV. ' V. w N, 2/lk 20N, 

It is easily seen from (2.10) that v, > up to NJN, < 
20, which is usually fulfilled in low temperature plasma. For 
this reason, even at NJN, > 10"*, the most typical situ- 
ation is when stepwise excitation does not compete with the 
interelectron and elastic electron-atom collisions. 

The boundary condition for the EDF on the tube axis is 



(2.11) 



(2.12) 



and on the walls, 

where <^(J?) is the potential gap between the axis and the 
tube wall (the wall potential). 

The condition (2.12) could be derived from the particle 
balance in a thin near wall layer with thickness X. The 
multiplier e0(r)/e accounts for the reflection of electrons 
from this layer, which is coimected with the existence of 
near wall potential jump. Its value is usually several TJe 
[9]. At £ > e4>(R), in the case under consideration here, 
X/R -4 1, condition (2.12) takes the form: 
/o(6,J?) = 0. (2.13) 

The distribution function is normalized on the electron 
density. 

It is not difficult to show that the solution of the kinetic 
equation (2.2) could be represented as a sum: 

/o=/o.+/of> (214) 
where /o, is the EDF of main group electrons, obtamed 
without taking into account the fast electron sources 
(solution of the homogeneous equation); /of is the EDF of 
fast electrons, bom in the CI processes (1.1), (1.2) and in the 
quenching collisions (1.3). Comparing the radial gradients 
terms of/o with the function variations, due to elastic and 
inelastic interactions, we get that the ratio between them 
determines the relaxation parameter, 

K(e) = (v, + 5v, -I- + vo jTa, 



is the energy relaxation length of an electron with energy e 
[7], Let us make some estimations: at typical values of the 
cross-section for elastic scattering of electrons on atoms, 
(T,2^;(10""-10-")cm^ S^lO'*-lO-\ A ~ 1cm we can 
get that in the clastic energy region w < gi, A, > A at neutral 
gas pressure, p^lOTorr, and electron density A^, < 
10"cm-^ 

At K > 1, which corresponds to the case A > A,, when 
the terms with radial gradient of /o and the potential (^(r) 
could be neglected in the kinetic equation, the electron dis- 
tribution function can be found in a local approximation. In 
this case the EDF is determined by the local plasma param- 
eters in every point, while the variable of /o is the kinetic 
energy, w = mv^/2. 

At K < 1, the terms with gradients of the EDF and the 
potential ^(r) became essential. The variables in /o are r and 
the total energy, e (2.1) [7]. For this reason it is necessary to 
know the ambipolar potential profile, 0(r), and the value of 
the near wall potential jump, O^, in order to find the dis- 
tribution function. In turn, these quantities are determined 
by the EDF type. As far as the transverse diffusion of the 
electrons in the nonlocal case is faster than the variation of 
their energy in the interactions, the energy distribution func- 
tion in a given space region is determined not only by the 
plasma parameters of this region but also by the whole 
volume. The method for calculation of the EDF in the non- 
local regime has been developed in [7] and was applied for 
the positive column of the low pressure gas discharge. It was 
shown there that, accounting for the diffusion of electrons 
towards the walls, the circumstance of principle became the 
ratio between the electron energy and the wall potential 
value, 0(J?). The electrons with energy e < e4>{R) could move 
across the tube only in the limits from r = 0 to r = ro(e), 
determined by the condition e = ce/K^o) (Fig. 1). In this way, 
the electrons with energy e < e<l>{R) turn out to be locked in 
the volume, while those with e > c0(J?) go to the walls in a 
free diffusion regime. Since the wall potential is <^R) > sje 
in the discharge [7], a basic interest constitute the EDF 
form at e < e<f>iR). 

A different situation is usually realized in currentless 
plasma, where, due to the low electron temperature value, 
the wall potential, (several TJe) is small. In this case the fast 



= jlc„ -I- k,, -I- fcta = 



where ta, = A*/D, is the time for free di] 
to the walls, 

A, = (4D,/(v, + <5v. + v„ -t- VoJ)*'^ 



y V, + Sv^ + v^eje + V 



(2.15) 
of electrons 



(2.16) 
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electrons, born in chemiionization processes and super- 
elastic collisions, are in a flying regime, e.g. they are moving 
towards the walls in a free diffusion regime and are neutral- 
ized there. Besides, as it was shown in [11], depending on 
the creation rate of fast electrons, the anomalous potential 
jump ^ 2i Ep, ei could appear and a part of the fast elec- 
trons is trapped in the volume. The experiments with con- 
trolling of the fast EEDF part, when the large potential 
jump is created artificially, are of great interest as well. This 
jump is created by applying a regulated blocking potential 
on the conducting wall (see Section 7.2). 

2.2. Distribution function of the main group of electrons 
In the local approximation, K> I, the /o, form had been 
examined in a number of works (see for example [8] and 
[9]). For this reason we will shortly review the main results. 
At e < fii the function has the form 

= C. exp ^- dw/(T(w))J + C„ (2.17) 



Tiw) = DJV, (2.18) 

is the characteristic temperature of the electrons with energy 
w; C„ is a normalization constant, which for a Maxwell 
distribution is 



could be considered independent of r at K 4 I . By integra- 
tion of the kinetic equation for/o, over r from 0 up to ro(fi), 
taking into account the corresponding boundary condition: 



C„(r) 



r J 



At a diffusion character of the charged particle losses. 



iV.(r) = JV.(0)e 



■I«*(r)/rd . 



(2.20) 



where Jq is the zero order Bcssel function, Hi is the function 
first root, Ci is found by the sewing condition at w = 8i. In 
the currentless plasma (Dg = 0)/o, is a Maxwellian function 
with temperature r,(v, < SvJ or T,(v, P SvJ.fo, in a plasma 
within an external electrical field is also a Maxwellian one 
when v, > Sv, . At <5v, , depending on v, = v,(e) it is 
either Druvestain type or some of its analogs. The form of 
/o, beyond the threshold £ > depends on the parameter 
fli, which is the ratio between the elastic and inelastic inter- 
actions. 



^i.r(e) vijei + T(£,)) Tie,) 
V.(e) " (v.(ei) + 5v.(£i)) £i ■ 



(2.21) 



The inelastic processes are not significant at fli < 1 and 
the function /q, remains in the form (2.17) with Cj = 0. For 
the intensive excitation from the ground state at > 1 a 
depletion of the EDF fast part occurs. At the limit aiP I, 
"the black wall" approximation is justified in the inelastic 
processes threshold /o,(£i) = 0 [7], so that 

Ci(., = -C„ exp £' d£/(T(£))| 

If the condition X > 1 is not fulfilled, (e.g. when the local 
approximation is not applicable), an account of the electron 
diffusion towards the walls is required. We said that the 
electrons with energy £ < e<f>(R) turn out to be imprisoned 
in the potential well. Therefore, the EDF for these energies 



g/o(e. r) | 
dr I 



(2.22) 



we shall get/oj_in the form (2.17), with a substitution of Tie) 
by T{s) = DJV,. The averaging over r is determined as 
follows: 

^{e) = p| X{e-emryrdr. (2.23) 

As can be seen from (2.17), when > 5v„ the EDF is a 
Maxwellian one too, but now that applies only to energies 
E < e<f){R). The electrons with energies s > e<l>(R) go to the 
walls in a free diffusion mode. Since during the diffusion 
time, T^, one electron succeeds to diffuse in energies alto- 
gether to 

for the EDF at £ ^ e<f>{r) it is possible to use the "black 
wall" approximation. Thus, in the non-local forming condi- 
tions a depletion of the EDF beyond the wall potential 
takes place. The EDF nonlocality reveal itself in this since 
the electrons in every tube point, including the axis region 
"feel" the character of the near wall electron behavior. This 
has repercussions on the EDF form in the whole volume. 
The effect of the EDF depletion beyond the wall potential 
was observed experimentally in the afterglow plasma in 
[12]. 

2.3. Distribution function of the fast electrons 

The case when T{e) < Ep, £i will be discussed below. 

In currentless plasma (D^ = 0) this is always the case. It 
usually occurs also in a plasma within an external electric 
field. In strong fields, at inelastic balance, T(fi)>£p, Ej. 
Under these conditions the EDF is formed by diffusion in 
energy space in the electric field and by inelastic processes. 
Then the role of the CI processes (1.1), (1.2) and the super- 
elastic collisions (1.3) is negligible. 

2.3.1. Nonlocal regime (K ^ 1). Let us concentrate on the 
formation of the EDF fast part, /of, in the currentless 
plasma under the conditions when the radial diffusion of the 
fast electrons is significant, K ^ I. The opposite case, K S> 1 
will be examined further. First, we shall elucidate the qualit- 
ative form of the EDF in the considered nonlocal regime. If, 
in (2.2), we account only for the radial diffusion in the 
approximate form f/r^, and the creation of electrons in reac- 
tions (1.1), (1.2), then /of takes the form: 

fof = P^NiR„(v)r^. (2.24) 

For example, the energy distribution is simply copying the 
source RJv) form and exhibits the corresponding maximum 
with a width of about 1 eV (see below). Accounting for inter- 
actions in determination of the function f^ leads to the dilu- 
tion of the indicated maximum towards bigger and smaller 
energies, due to diffusion and dynamic friction, respectively, 
in energy space. For a Maxwellian EDF main body from 



(2.8) we get that the source: 

i?.(w) = 2flf„Vo»v^ exp [-^-^jy/^gohN^Tl^ 

(2.25) 

has the form of a narrow peak with a width of about T, near 
ei. The maximal energy at which electrons appear in coUi- 
sons of two metastable atoms, e, ^ 2£„ + - , is 
usually several eV smaller than Si. (Dj is the dissociation 
energy of the molecular ion). Thus, in helium = 19.8 eV, 
e, < 15.6 eV. Since RJy/) = 0 at w > e., while R,(w) = 0 at 
w < e„ the i?„(e) and i?,(e) spectra could be considered as 
not overlapping. For this reason, in the cases when it is pos- 
sible to neglect the processes of direct excitation (reaction, 
inverse to (1.3)), the terms R„ and R, enter in (2.2) on equal 
base. That is why we shall continue the further analyses, 
using one of them, for example RJyi). 

Following [13], let us find the fundamental solution (the 
Green's function) of eq. (2.2) with a term /?„ in the right 
part, representing R„ in the form of a 5-function : 

RJyt) = ^(w - fip)/c|'*. (2.26) 

Here, is the characteristic energy of the fast electrons, 
bom in reaction (1). For instance, Cp 14.5 eV for He(2^Si) 
atoms and «p = 4.5 cV for XeC^Pj) atoms. 

The general solution of the kinetic equation, as it is 
known, is a convolution of the fundamental solution with 
the -real distribution RJy«). For the problems of the plasma 
kinetics it is often possible to neglect the fine structure of 
J?„(w) and Re(w) spectra. We can represent them in the form 
of (2.26). From now on, the function /o^e, r) will mean the 
solution of (2.2) with the right part comprising RJy)) in the 
form (2.26). The solution of this equation will be sought in 
the form of a series: 



/o(e. 



Here 

T = (T, V, -I- T. avj/(v. 5vJ. (2.30) 
Depending on the conditions, in the region T, < 7 ^ T,, 

= (V. + <5v^d*; Tai = j?V/i?^,. (2.31) 



where Jo{x) is the Bessel function, which satisfies the bound- 
ary condition (2.12). The values of ii^ are roots of the equa- 
tion 



Jo(/iJ 



(2.32) 



h = /S«./[ff(ep)r(v. + 5vJ l^g^Ai^ drj. 



ro(fi) is found from the condition e — 2p = et^r^X fl(x) is the 
Hcawysidc step function, 



5r U,o 



(2.27) 



is the radial field. 

During the transition from (2.2)-(2.29), when v^T. > 
3v, T, , we take the first term only in the expansion of v,(r) in 
- series of r. This approximation is correct in the axial part of 
the tube, where 3v,(r)/5r is near zero. However, in the per- 
ipheral regions, v.(r) sharply drops and the inequality 
V, r, < 5v, r, is already observed. Then, it is possible to 
neglect the term with v,, being too small. 

The equation (2.29) is solved, using the boundary condi- 
tions. Sewing the obtained solutions, as results for/^ [13], 
we get: 

m = 2C,% - e) exp (-j^ sinh 

+ [0(ep + c<^(/?)-e)-0(ep-e)] 

X l'nf(t) exp (- ^) sinh {t - e)) dt 



H-C2 0(e-ep-e^(R))cxp( 



(2.28) 



/it^i(/'t) R{!i-e<m\' 

From (2.12, 2.28) it follows that the fi^ dependence on 
energy can be neglected for the case when C(^(/?) < £p, while 
the values are the zero order Bessel function roots. 

Ut us substitute the series (2.27) into eq. (2.2) and inte- 
grate it from 0 to R, neglecting the dependence v{t) by virtue 
of the condition |e<^(r)|. Since the substantial energy 
region has the width ~ T, near Ep, it is possible to neglect in 
(2.2) the coefficients dependence on the kinetic energy, 
taking them at the value w-t^. The correctness of this 
assumption can be easily seen from the final formulas, given 
below (2.34). 

Through a number of transformations, we finally get the 
following equation for the determination of/k(e), [13], 

de^ ^ de epXt 



At = (l +4T/6pl:^)^'^ 

c. = 2c,«p(i54^)-f^(/..-/.0. 



(2.35) 



(2.36) 



f(VM)tl 



+ It - fip) - 0(6 - fip - eiKRm = 0. 



(2.29) 



At Kt < 1, the terms of the series (2.27) with /t(e) in the 
form (2.34) rapidly decrease, since the fil values create a 
growing sequence. In this case the first few addends give 
sufficient accuracy. For the same reason the terms with 
m ^ 3 give a negligible contribution in the sum for v.^ . 

In the pure nonlocal case, K « ^TJe^ « l(Ak > I), the 
expression (2.34) acquires clearer form. Here, the fast elec- 
trons, created in (l.l) and (1.2), move to the wall practically 
without changing their energy in collisions. Making a tran- 
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sition to the limit in (2.34H2.37) we get: 



/*(£) = 



■<^'(ro) 



X Tdt(^ep + e<KR) - E) - - # (2.38) 
The sum of the series (2.27) with/»(e) in the form (2.38) is 
equal to 



/o(e.r) = 



e(6p)epD,e0'(ro)Jl ^ 

^e,)e,D,e0'(ro)r°"'^'"ro 
+ [0(r-l?)-0(r-ro)]lnyy 



of the characteristic time spent by an electron for direct 
excitation to the time for which, due to elastic collisions, its 
energy decreases to values less than Sj, e.g. it leaves the 
energy region, where it could accomplish a direct excitation. 

In the examined purely nonlocal case for the source ^.(h') 
(2.25), at a Maxwellian distribution of the electrons main 
group, we get [16]: 



dr» 



(2.39) 



The series (2.27) is itself a Fourier-Bessel expansion of eq. 
(2.39), the right part, with f^e) according to (2.38). This 
result comes immediately from (2.2). There, in accordance 
with the examined boundary case, the diffusion and the drift 
in energy space have to be neglected. Then, the integration 
with boundary conditions (2.11), (2.12) immediately gives 
(2.39). Thus, the general solution (3.34) and the expression 
(3.39) enable us to calculate the electron distribution func- 
tion in the decay plasma at e > e(t>{R) with a given initial 
energy spectrum of the source, RJv), creating fast electrons. 
The expression (2.38) was obtained in the initial works [14. 
15] by neglecting the difference between the total and the 
kinetic energy. 

It has already been mentioned that, in the case when the 
processes of direct excitation (the reaction, inverse to (1.3)) 
can be neglected, the fast electron sources RJw), (reactions 
(1.1). (1.2)) and i?,(w), (reaction (1.3)) enter in (2.2) on equal 
base. For this reason, expressions (2.34) and (2.39) are also 
suitable to describe EDF in the energy region where the 
reaction (1.3) is important. It is necessary only to change 6p 
by Si (excitation potential of the level m in (1.3)). 

Let us consider now the specificity of the EDF forming at 
£ El, connected with the influence of the direct excitation 
processes. If we compare the efficiency of the diffusion 
departure and the direct excitation in the energy region e ~ 
fii, we have to remember that the electrons with energy 
£i < e < «! + e<i>{R) can undergo direct excitation only in 
the region where their kinetic energy w> (see Fig. 1). 
Therefore, the parameter, characterizing the ratio of the pro- 
cesses in question has to be written in the form (compare 
with/:,, in (2.15)): 

A- - Vo«ie, + '•'\(r*)y^^D„ < e < Cx + e4>(R). 



(2.41) 



In Fig. 2, for comparison, one can find the result of nonlocal 
EDF calculation at different r with account of the radial 
field (solid lines), following (2.41) and without it (dotted 
lines). The calculation was made by a linear approximation 
of the ffo Jw) energy dependence and NJr) = constant. The 
expression e<f>(r) = \MT^(r/R) was used for the radial 
potential profile. The accounting of the radial electric field 
leads to a shift of the maximum, connected with reaction 
(1.3), towards higher energies and also to a change in the 
EDF form, as seen in Fig. 2. This is due to the fact that the 
electrons from the tube peripheral regions give their contri- 
bution to the energy distribution with a shift by a value 
e<f)(r) on the total energy scale. 

An interesting limit case could be distinguished in the 
forming of the nonlocal EDF fast part, when fc,i < 1, but, at 
that, fc,„ > 1 (see (2.15)). Similar conditions frequently occur 
since, usually, Vo„ > Sv, . Then, the EDF beyond the excita- 
tion threshold is determined by the local balance of exci- 
tation and quenching collisions. Thus, from (2.2). at a 



(2.40) 



Here, r* is determined by the condition e(f>{r*) = e — fii (see 
Fig. 1). The inelastic collision frequency, Vo„, is taken for 
exactness at an energy equal to Ci -I- T,. The formulas (2.34) 
and (2.39) are applicable when K,i < 1 and the role of the 
inelastic collision is insignificant, e.g. < 1 or kj„ ^ (v, 
+ ^vjtdf £i/4r (see (2.35)). The last inequity gives the ratio 




ef(R) 



Fig. 2. Afterglow EEDF in the exdtatioii threshold region in the nonlocal 
regime. 1-3 - calculation with account of the ambipolar field (2.41) for 
r/R - 0, 0.5 and 0.8; 1' - calculation for r - 0 under the assumption 
«r)-0. 



Maxwellian distribution of the main group, we have [16], 

The EDF is nonlocal at e < and it is possible to obtain its 
decrease in this region in the same way as has been done 
deriving relation (2.34). From (2.42) can be seen that at e > 
8i + e^r) the EDF simply copies the distribution of the 
main group electrons. 

2.3.2. Local regime {K > 1). It has already been pointed 
out that at X> 1, corresponding to A > ^, the radial diffu- 
sion term in the kinetic equation (2.2) can be neglected. At 
that, it is possible to find EDF in a local approximation and 
to neglect also the difference between the total energy, e, and 
the kinetic one, w (see (2.1)). 

The form of the fast electrons EDF, /or, depends on the 
relaxation mechanism of these electrons, determined by 
the ratio between the frequencies v,, and v, + ^v,, e.g. by 
the value of the parameter 

(2.43) 



Table I. Parameters and K', characterizing the role of 
the low metastable level direct excitation in the EDF forming 
(T - in eV, R - in cm, p - in Torr) 



Atom 






K' = [vo.(£, + TJ/5vJkr^6i 


He 


1.62 




19.5 "I 


Ne 


0.029 




3.2 1 


Ar 


1.87 




4.43 >-T."^ 


Kr 


Z17 




21.5 


Xe 


29.2 




87.6 J 



condition of sewing (2.42) and (2.44) at w = t^. 

C _go ^»(W) / m Y ' 
' g„ N. \27tTj 

It is possible to simplify the expressions obtained for /or in 
the energy range w !>' T., in which we are interested, taking 
into account that with an accuracy up to the correction 

TJw < 1, 



Jo v^D.(w') VJ, 



1 



As it follows from the evaluations (2.10), most typical is the 
situation, when a^ < 1. In this case the appearing fast elec- 
trons relax by electron-electron and by elastic electron- 
atom collisions, e.g. by processes with small energy losses. 
The integration of (2.2) at T{e) < and a, « 1 gives imme- 
diately 

/of(w < «!, r) 



T(w")J 
F(w) 



(2.48) 



X cxp 



(2.44) 



The first term in (2.44) corresponds to the distribution of 
electrons, bom in reaction (1.3), the second one to those 
born in (1.1), (1.2). The expression for Ci depends on the 
ratio of efficiencies of direct excitation and elastic collisions 
in the energy region w > Bj. In accordance with that men- 
tioned above, it is determined by the parameter (compare 
with (2.21)) 



Indeed, mtegrating the right side of (148) by parts we get : 

dw' / f dw" \ 

Jo vVd>')''HJw W 

«F(w)|^l-^] '«F(w). (149) 

where T{w) = DJV, is the characteristic electron tem- 
perature. 

For this reason, in the case K' « 1, having in mind (2.44), 
/of can be written down in the approximate form: 



5: e{ej - w)pjN„Nj \r/,W)^' dw' 



(2.50) 



K' = 4ai = 



VqJei + 7;)4T. _ fci„ 47. 
(v, + iJvJai k.i £i ■ 



(2.45) 



The parameter K' values, calculated for the rare gases 
under the assumption v, < (weakly ionized plasma) are 
shown in Table I. In particular it follows from the table that 
in most of the cases at low temperatures (Te^O.leV), 
K' < 1 is realized, e.g. the role of direct excitation is insig- 
nificant Then, for Ci in (2.44) the expression: 



(2.46) 



is correct. That corresponds to the results of works [14, 15]. 

In the opposite case, K' > I, when EDF at w > w, is 
determined by the balance of exciting and quenching colli- 
sions and is expressed by (2.42) [16], can be found by the 



where e, = e^, Sp is the minimal energy of an electron 
appearing in reaction (1.1). As seen from (2.17), (2.50) the 
complete EDF in the examined local case consists a Max- 
welUan (or near to it at v, ~ 5vJ distribution in the low 
energy region and two steps at high energies, cormected 
with reactions (1.1), (1.2) and (1.3). The physical meaning of 
these expressions is evident: the appearing fast electrons 
relax in the processes with small energy losses, creating a 
continuous electron spectra in the region e < e^. In the case 
K' > 1 (see (2.45)), the second step, accounting for (2.42), /of 
will take the form: 

_ go NJr)jV.(r) f m^ ' 



N, \2nTj 
X 0(8, - w) + 0(w - fiOe-**-''""'' 



lLv,(w)4-5v.(w) V 

]■ 
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E xpressions of the type of (2.50) have been obtained in 
[14, 15]. In the work [16] solutions were given, similar to 
(2.51), yielded by neglecting the terms with d//de in (2.2). In 
Fig. 3 are shown typical results of an experimental study in 
the helium afterglow plasma. They are illustrations to the 
relations derived here. The measurements have been carried 
out by the method of probe current modulation 70 us after 
the end of the discharge. The duration of the discharge 
active stage was lOjis with 650ns repetition period for the 
pulses. The pulse current was 0.5 A. The parameter K at 
fip = 15cV was 0.75, 1.9 and 3.7 for pressures p = 2.6, 4.2 
and 5.8Torr, respectively. It can be seen that with increasing 
pre ^ure, the EDF maxima, caused by the reactions (1.1)- 
(1..-), involving He(2'Si) atoms, became more and more 
wi>.: due to the growing role of the elastic collisions in 
CO- iparison with the diffusion. Already at p = 5.8Torr they 
turn into a Step, described by the expressions given above. 

le number of fast electrons N,, is determined by the 
soi :ce intensity and the value v, + dv„ e.g. in the first row 
by :he densities of normal atoms, excited atoms and elec- 
trc s. For the source, conditioned by the chemiionization 
pr. esses, 

No'=P^Ni/(v, + SvJ. (2.52) 
At , > 3v„ for ^, 2s 10-»cm»s-* and =s (4.5 - 15)eV, 

^(10-'' -10-')Ni/N,. (2.53) 

: the weakly ionized plasma (v, < 5vJ, for typical values 
of , a: lO'p (p - gas pressure in TorrX 

10-"Ni/p. 



rentless plasma, when low electron temperatures are realized 
and the EDF fast part is determined completely by both 
types of processes. In the discharge plasma, where 7; is high, 
the influence of the CI processes on the EDF can usually be 
neglected. However, at a relatively large metastable atom 
density, as in the cryogenic discharges, the effect of distribu- 
tion function enrichment at the expense of these processes is 
quite substantial, too. We shall also point out that the CI 
role could be significant in not self sustained discharges, 
where, in contrast to the self sustained discharges, the meta- 
stable atoms densities are large, while the parameters E/N, 
(and therefore T, , too) are small (T, < 1 cV). 

In the other boundary case, a, > 1, the appearing fast 
electrons relax on stepwise processes. As a result the energy 
loss proceeds not quasi continuously but in a discrete way 
with a step equal to the threshold, . Then, as can be seen 
from (2.2X (2.7), /of has the form of maxima (nearly equal 
height) around the points 



(2.55) 




Je + E,vJ(e+E^ 



/of(e + £e)- 



(2.54) 



] cm the results obtained above and the conducted esti- 
m ons follow that in the region £ > T{e), the chemiioniza- 
tic processes and the superelastic collisions can 
sub tantially enrich the distribution function by fast elec- 
tro s. This effect manifests itself most clearly in the cur- 



For a source, conditioned by the superelastic collisions, 
the relation (2.55) is correct at Oj <^ 1 or at a^^a^. From 
(2.11) follows that a quite hard condition, N^plON^, 
should exist in order to accomplish this boundary case. It is 
quite difficult to create such conditions in a discharge 
plasma either in the active stage or in the afterglow period. 
The situation changes in the currentless photo-plasma, 
where a large resonance state density N„ is created (up to a 
saturation with the normal atom density at laser excitation 
[17]) by an external selective photo excitation. Further, we 
consider the cases when the power of the external light is 
insufHcient for the multi-photon ionization processes. In 
laboratory conditions the photo plasma is made usually in 
metal vapors, therefore the fast electron sources are super- 
elastic collisions. 

The case > 1 is realized easily in non-stationary condi- 
tions at creation of photo plasma. In stationary conditions, 
with low radiation intensities, usually NJN^ = (10-10^) is 
settled [18] at N„ < N,. Thus the intermediate case, =; 1 
is accomplished. 

The solution of the kinetic equation, in the local regime 
for an arbitrary ratio between the frequencies v, + and 
v„e , is given in [6]. 

The fact that the stepwise processes could be important in 
the forming of the fast electron DF is confirmed by the 
experiments, conducted in cesium photo plasma [18] under 
the conditions = 2 • lO^'cm"^, = 2 ■ 10^^cm~\ 
N„ = 2' 10^^ cm -3 and T, = 2000 K (see Fig. 4). As seen 
from the figure, a drop, connected with the stepwise pro- 
cesses influence is observed at e < = 1.42 eV. 

2.4. Determination of different elementary processes 
characteristics by the plasma electron spectroscopy method 
Fig..^. Result, of the r(K) »ea,uremenU in heUum afterglow, (a) In this part we will consider the possibiUty to acquire infor- 
p = .6Torr, (b) p - 4.2Torr, (c) p - 5.8 Ton. Delay: 70p» after the end of mation about processes gomg on m currentless plasma, 
the c irrent pulse. using the electron energy distribution function. Primary 
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the first term of the (2.57) expression expansion in a 
Fourier-Bessel series. Indeed, if, after the integration of (2.2) 
on e, the substitutioa 



0 0* M U 

Fig. 4. Electron velocity dutribution function in currentless C» p 

plasma [18]. 



is made and the consideration is confined by the scries first 
term, we can get: 



attention will be paid to such currentless plasma such as 
afterglow plasma. It is connected with the simplicity of its 
creation and with the possibility for application of various S*'^(0) = 
experimental methods. 

It turns out that the comparison of the experimental 
BED!' with the results of the corresponding theoretical cal- 
culati in allows to determine the characteristics of various 
elementary processes taking place in afterglow plasma. 

This circumstance is the background of the method of 
plasir I electron spectroscopy (PIES). It is developed in 
several works [4, 14, 15, 19], which will be discussed further 



\NJr)NJiry dr 



(2.58) 



rdr 



It has already been mentioned that some of the most 
impo ant processes, determining the EDF forming in the 
after, ow plasma are the reactions involving excited atoms. 
The < stribution function itself is represented by the charac- 
terist s of these processes: ^e. and R^. 

Fr m the examination conducted so far it follows that in 
the I nlocal regime, when the relaxation parameter (2.15) 
K < , the fast part of the EDF has the form of maximums 
in th energy regions, where fast electrons have been bom in 
reac ns (1.1)-(1.3). The distribution drops exponentially 
beyo d the limits of the corresponding energy spectra (see 
(2.39)). In this case the fast electrons move to the tube walls, 
failin ' to undergo energy relaxation in the volume, while 
the f m of the EDF fast part is determined by the form 
of t! reactions (1.1)-(1.3) electron spectra. If we integrate 
the 1 letic equation (2.2) in the limits of existence of these 
spec I, then, due to the absence of the energy flux beyond 
this gion [K <^ 1), the second term of the equation drops 
out. le next integration over r, using the boundary condi- 
tioD' ir the fast electron number, S, , 



gives mmediately 



(2.56) 



(2.57) 



Her he indices w, j refer to reactions (1.1), (1.2) and (1.3), 

resr ively. It is presumed, that the direct excitation did 

not y a significant role. 

V must point out that the integration of expression 

(2.3. )ver the energy immediately gives (2.57), as well. 

A an be seen from (2.57), the determination of the coeffi- 
cier 3 J requires: first, to determine the number of fast elec- 
troi S,(0), from the distribution function absolute 
me;! rements, for example on the tube axis; second, to 
mea re in absolute scale the excited atom, NJir), and elec- 
tro i V,(r), density radial dependencies; third, to calculate 
the e diffusion coefficient of the fast electrons, D^r). 

I n be shown [16] that the formula derived in [19] for 

cal -ion of the fast electron number on the tube axis is 



which coincides with expression (3) of work [19]. Here, n^, 
in accordance with the boundary condition (2.56), are roots 
of the Bessel function Joix). Accordmg to (2.57), the value 
Sr^(O) can vary from 0.85S{(0) at iVjr)N/r) ~ Jg[/ii(ro/il)], 
to l.lSi(0) at NJr)NJir) = constant, depending on the NJr) 
and N,(r) radial profile. 

Further, we shall turn to the application of the PIES 
method for investigation of superelastic collisions. It was 
presumed at deriving expression (2.57), that the processes 
inverse to (1.1)-(1.3) did not play a role in the fast electron 
balance. This is correct in a wide range of conditions for 
reactions inverse to (1.1), (1.2). However, the processes of 
direct excitation could be quite significant in afterglow 
plasma of low pressure. In compliance vnth the previous 
part these processes are not significant and the use of (2.57) 
is legal, if the conditions X,* « 1 or K' « 1 could be fulfilled. 
The values of the parameters Kf^ and K' for rare gas plasma 
are shown in Table I (the low metastable level is taken for 
exactness). The approximations of the cross-section for 
elastic electron-atom collisions, ct,, were taken from [20], 
data for )?, - from [4, 14] and it was presumed that < ^v, 
(typical conditions for measurements of the superelastic col- 
lision constant). 

The table shows that, in most of the cases, for measure- 
ments by the PIES method in the nonlocal regime, it is pos- 
sible to accomplish conditions when the direct excitation 
processes are insignificant. An appropriate pressure and a 
sufficient delay after the discharge pulse end are required, 
when r, is near to the ambient one. Thus, the rate coeffi- 
cients of the elementary processes are determined in the 
described PIES method, using the immediate product of the 
corresponding reaction - the fast electrons. 

We shall point out that two groups of problems can be 
solved by the PIES method. The solution of the first one, the 
rate coefficients determination, has been considered above. 
In this case it is necessary to measure the integral electron 
spectra - the fast electrons density or S„. At that, the 
requirements towards the energy resolution of the experi- 
mental device for EDF measurements are not high. The 
second group of problems is connected with acquiring 
detailed information about the processes (1.1)-(1.3). Exam- 
ples are - efficiency of Penning and associative ionization, 
particle potential curves in the entrance and exit reactions 
channel, energy state of the formed molecular ion. For that 
it is necessary to investigate the structure of the RJv) spec- 
trum, formed by the appearing electrons. The integral 
information is insufficient here. It has already been shown 
that the nonlocal regime is most convenient for determi- 
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nati of the (l.l)-(l-3) reaction spectra. Then the role of 

the :isions is negligible and the function's form is deter- 

mir ly the form of the fast electron source (see (2.24)). 

E ession (2.34), obtained in the previous part (the 

Grc ; function of the kinetic equation (2.2)X can be 

reg d as a theoretical broadening function of the reac- 

tioi .1)-(1.3) initial electron spectnun. It enables us to 

cak e the broadening of these spectra, due to broadening 

inte ions and radial electric field in each particular case. 

Besi s, each spectra is, generally speaking, a solution of the 

inte 1 equation. Its right part is the experimental EDF 

and s left part is a convolution of the spectrum with 

exp ion (2.34). 

I .lear that a better way to determine the and is 

to I onditions where /o, repeats the R„ and form with 

hig curacy (see (2.24)) and the spectra distortion, given 

by ression (2.34), is minimal, instead of solving the 

res; ve incorrect problem (by working out the integral 

eqi. n). 

1 broadening of the initial spect ra due to t he collisions 

is g 1 by the expression ~exp (^{4T/wjK) • (e - e;)/T). 

Thi oadening can be made indefinitely small by selecting 

the oeriental conditions in which K < ATJbj < 1. The 

ph> 1 meaning of this fact is obvious. The variable of the 

ED 1 these conditions is the total energy and the radial 

elee field will be the single factor distorting the energy 

spe . The corresponding broadening function, which 

coi Iso be named theoretical instrumental function (IF) 

of PIES method, is given by expression (2.39). It is 

ob- ; from (2.39) that the IF of the radial field V Us, r) 

exi t a finite energy interval, from e = Wo to a = wq 

+ 1 ). The width of the base is equal to e^Ji), the 

val r which is determined by T. , while the /^(e, r) form to 

a g extent depends on the metastable radial distribution, 

N„ The dependencies I^e, r) at NJr) = NJfi)J^^r/R) 

wi , = 0 (curves 1, 2, 3) and = 2.4 (curves 1', 2', 3') are 

shi in Fig. 5. It can be seen that the /^e, r) half width, 

del ned as the FWHM of the instrumental function, 

de; s substantially on r. It grows up from the center 

to\ s the peripheries. The IF half width decreases sub- 

sta 'y at the transition from a rectangular profile of 
o a Bessel one with /i^ = 2.4 (see curves 1-3 and 

r- specially in the tube centre regions, other conditions 

bei qual. For this reason the experiments for determi- 

na- of the spectra of reactions, producing fast electrons 

us^ .e PIES method by EDF measurements in the aftcr- 

gh ould be done in the axis. Besides, it is necessary to 

cri onditions, when K < 4T^Wp. In addition, the meta- 

stii rofile should be as narrow as possible. 

3. rimental methods of investigation 

It ' hown in the previous paragraph that the investiga- 

tio the electron spectra and the rate constants of reac- 

tio l.l)-(1.3) have to be conducted in the afterglow 

ph whose parameters satisfy the condition K ■4 1. In 

or 1 obtain the quantitative characteristics of reactions 

(1. 3) it is necessary to measure with adequate time 

re )n: the EDF fast part, the electron temperature and 

de is well as the radial distribution of the exited atoms 
de 

I IS examine consecutively the methods applied for 
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Fig. 5. Electron velocity distribution function. See text. 

investigation, paying special attention to the EDF measure- 
ment. 

3.1. Measurement of the electron energy distribution function 
The analyzer of the electron energy for non distorted mea- 
surement of the EDF has to fulfill the requirement k^d, 
where k is the electron free path length and d is the analyzer 
characteristic size. The implementation of the condition 
X 1 and the high density of the excited atoms (=slO'°- 
10"cm~^) require a pressure of the examined gas in the 
plasma volume between 0.1 and 5Torr. As a result, for the 
maximal possible value of d we get the estimation 
d ~ 0.1 cm. This limitation makes impossible the application 
in our condition of traditional electron analyzer used for 
example in the Penning electron spectroscopy. At the same 
time it is obvious that a single Langmuir probe can serve in 
the capability of such analyzer. For measurements of the 
electron velocity distribution function it will operate in the 
pulse mode. Stemming from all that, the investigation of 
the reactions (1.1)-(1.3) in this work are carried out by an 
electrical probe. A probe method for the EDF measure- 
ments in a plasma with periodically varying parameters, 
based on probe current commutation is used [21]. , 

As it is well known [2], the scheme of the Penning elec- 
tron spectroscopy experimental setup consists of four main 
parts: 1 - source of excited particles; 2 - collision cell for 
interaction of the excited particles; 3 - analyzer of the elec- 
tron energy; 4 - registration unit. 

The first and the second scheme parts are united in the 
PIES method. Their role is played by the plasma volume, 
while the electric probe works as an energy analyzer. That 
simplifies substantially the experimental setup. 



oTohe methods for EDF investigations are based on collisions of slow electrons with excited neon atoms in the 
uvestayn relation [22]. It connects the distribution states 2p'3s. The maximum at the energy II cV is due to the 
a and the second derivative of the electron probe binary interactions of the excited neon atoms in the same 

states. 



"2jte»SdK*' 



(3.1) 



S is the probe area, V is the probe potential with 
to the plasma potential, /, is the electron probe 

methods for EDF determination used in the practice 
lainly in the manner by which d*//dK* is obtained, 
work, for a double differentiating of the probe 
its modulation has been used [22]. An alternative 
: with a small amplitude (differentiating signal) is 
iced into the probe circuit and some of the probe 
t harmonics are recorded. In our investigations 
. A K, of the type: 



2Vi cos (Oit 

^2 Viil + sin £Jt) sin coi t 



(3.2) 
(3.3) 



<:ed as differentiating signals. 

IS shown in [23] that the amplitudes of the probe 
harmonics, /2wi, on frequency, 2a)i (in the first case), 
harmonics on frequenQr, Q (in the second case), are 

•ed with the second derivative of the probe current 

spcct to the probe potential r{V) = d^I/dV^ by the 



nn>li. 2(»'. V) ^V' s K?(/"Mi. j), (3.4) 



.4i and Ai are the normahzed instrumental functions 
device for EDF measurements. A more detailed 
tion of the used probe methods and measurement 
is given in [4]. The probe circuit current sensitivity 
xperimental setup was 5 • 10"'^ A on the detection 
cy 2(0 (for modulating signal AVi). The minimal fast 
1 density, which should be detected at a probe of 
4.5 • lO-'cm, lengtii 2cm, IV^ = 0.15V, is 10'cm-^ 
cal form of the distribution function fast part, 
^d experimentally in the afterglow is presented in Fig. 
. The measurements have been carried out in neon at 
ore of 0.9Torr, a current in the pulse of 0.8 A and a 
fter the current pulse end of 120 ^s. It is seen from 
;ure that the distribution function has a complicated, 
notonous character in the energy range 8-20 eV. 
peculiarities can be explained by the appearance of 
trons in reactions (1.1)-(1.3). Thus, the maximum at 
^y of 16.6 eV arises at ti»e expense of the superelastic 




3.2. Measurements of the electron temperature, electron 
density and the excited atoms density 
In this work the electron temperature was determined from 
the measured curve of the probe current second derivative 
by the relation 

r= 11600 AV'/Anr(n. (3-5) 
where T, is the temperature in K, A In l"(V) is the variation 
of the second derivative logarithm on the interval of probe 
potential variation, AK, in volts. In the afterglow plasma, at 
not too low density of electrons, a Maxwellian distribution 
is established. It is a consequence of the intensive inter- 
electron interactions, due to the low energy of the electron 
aggregation. This determines the correctness of expression 
(3.5). The existence of a linear In /" dependence in an inter- 
val with a sufficient length (about 3-4^7.) serves as a guar- 
antee for a correct determination of T^. At that, the 
systematic error in T, value did not exceed 10%. The experi- 
mentalists come up against a number of difficulties at mea- 
surements of the electron density, N,, in decay plasma. 
These difficulties are a result of the afterglow specificity-low 
electron temperature, inaccurate determination of the 
plasma potential, V^, distortion of the probe current near 
Vp. For this reason, determination either by probe 
current measurements at K = Kp or by integration of the 
area beneatii the /(e) curve did not yield reUable results. A 
preference was given to the measurement by the plasma 
conductivity. Two variants of the method were used: an 
additional pulse is appUed on the discharge tube electrodes 
in a chosen moment of the afterglow. The conductivity is 
measured during the time of pulse action in the first version. 
(It is the so-called method of the second pulse [24].) 

The conductivity, and, therefore, the plasma density is 
measured in the discharge active phase with a following cal- 
culation of the NJlt) evolution in the second one. The accu- 
racy of N. determination is about 30% by this method. 
There are several ways to measure the excited atom density 
in a plasma [25] nowadays. The spectral lines intensity, 
emitted by the afterglow plasma is low. That is why the 
most convenient method here is the two tubes absorption 
method. It enables us to find the density of atoms in low 
energy states. The errors in the determination of the excited 
atoms density have values of about 20% in this method. 

After this brief inspection of the experimental methods, 
applied in the investigations, it is expedient to compare, 
once again, the resources of the conventional Penning elec- 
tron spectroscopy and the PIES. As far as the information of 
the studied elementary processes in the Penning electron 
spectroscopy and the PIES method is derived by the 
analyses of the electron spectra, yielded by the correspond- 
ing reactions, these two methods are near by their pos- 
sibilities. However, there are substantial differences between 
them due to tiie fact that the investigations by the PIES 
method are conducted in a plasma, while the Penning elec- 
tron spectroscopy uses atomic beams encounter. In this 
respect the plasma electron spectroscopy has evident advan- 
tages at the study of the ionization processes involving two 



me hie atoms, all the more if these atoms are not in 

me jle but in radiative states. Due to the above men- 

tio dvantages up to now the electron spectra of the che- 

mi' zation reactions involving two excited atoms were 

stu d by the PIES method only. The opportunity to apply 

op .1 methods for measurements of the excited atoms 

de: y allows to carry out (unlike to the Penning electron 

spi. o<copy) absolute measurements with a high accuracy. 

As - as the energy resolution is concerned, at present the 

Pe; g electron spectroscopy surpass in this parameter 

PIF y 5-10 times. We shall point out that the application 

of ' '^enning electron spectroscopy allows to obtain the 

crc :tion dependence on the colliding partners energy 

an 0 the angle distribution of the emerging electrons. 

Tl S method enables to determine the processes rate 

CO t for different atoms temperatures of the interacting 

pa .s. As it is known, the reactions rate constants give 

ini .ation about the reaction's cross-sections, averaged 

o\ I e velocities of the colliding particles and over the 

ek scattering angles. At present, a considerable infor- 

m - Tor the ionization processes, involving excited atoms 

is ^ 1 by the Penning electron spectroscopy method. The 

CO )nding results and also the detailed description of 

th< 'lod itself is given in reviews and books, for example 

[2 For this reason further we shall present and discuss 

th Its obtained by the Penning electron spectroscopy 

an o by the mass-spectroscopic and optical methods, 

clc elated to the subject of this review. 

4. . -igationof the interaction between the rare gases 
d atoms 

4. 1 ermination of the rate constant of the chemiionization 

pr: s (reactions (l. I), {1.2)) 

In nresent work investigations of the ionization pro- 

ce. volving noble gases atoms in identical or different 

ex tates have been carried out. As is seen from relation 

(2. eculfarities connected with one or several simulta- 

ne actions are observed on the distribution function. 

Tl pend on the densities JV*' of different excited 

ate nd the corresponding rate constant values. The 

sal 1 of the binary reactions, involving excited atoms in 

dii states is conducted by the PIES method, using their 

ele spectra directly (in the case when they are 

se; i) or using the intensity variation of the electron 

sp^ <it variation of the different excited states relative 
de 

easurements were carried out under the following 

CO is: a periodic DC pulse discharge of the rare gases 

he eon, argon, krypton, xenon and mercury, as well as 

m. of helium with krypton, xenon, CO2 and Nj was 

fir ylindrical glass tubes (tube diameters - 30-40 mm) 

wi d electrodes. The active phase durations were 10- 

90 'c repetition frequencies 0.5-5 kHz, the current 

va 3 1-2 A. The gas pressure was varied in the range 

0.1 r. Mobile and immobile probes with diameters 

O.C 4 mm and lengths 10-20 mm have been introduoed 

in jes. 

A. m 

In lium afterglow six reactions are possible in which 

th table atoms He(2^S) and He(2^S) as well as the 



metastable molecule Hcail^Y) could take part. The density 
of the He2(2^^) molecules, existing in the afterglow mainly 
at the expense of conversion and recombination, become 
substantial at pressures higher than several Torr. Processes 
with their participation have not been examined in this 
work. A typical experimental result of EDF measurements 
in heUum is shown in Fig. 7 [27] (pressure, 0.2 Torr, pulse 
current; 0.2 A, delay after the pulse switch off: 50 ns, ampli- 
tude of the modulating signal: 1 V from peak to peak). The 
maximum at the energy 14.4 eV appears, due to reaction 
He(2'S)-He(2'S); the maximum at the energy 15.6 eV is due 
to the reaction He(2'S)-(2^S); the maximum at energy of 
16.2 eV is due to the reaction He(2^S)-(2'S). As seen from 
the figure, we did not succeed in resolving the second and 
the third maxima on curve 1. This curve is widened by the 
instrumental function of the device, which hampers the 
determination of the rate constants of reactions involving 
2^S-2'S metastable atoms. A processing of the yield EEDF 
was made by the Tikhonov regularization method [28], 
since eq. (3.4) is the first kind Fredholm integral equation 
with the experimental device instrumental function A2 as a 
kernel in order to find the real EEDF from the measured 
one. The result of the processing [27] is also shown in Fig. 7 
(curve 2). As far as the electron spectra of the different reac- 
tions overlap, results of EDF measurements at different 
2^S/2*S atoms density ratio were used to resolve them 
(points). Thus, it is possible to observe only the maximum at 
14.4 eV or two maxima (14.4eV, 15.4 eV), or all three maxi- 
mums. The electron yield spectra were used for determi- 
nation of the reactions rate constants. The fact that the 
constant P„i2^S, 2^S) is well known was taken into account 
in order to decrease the systematic errors in the measure- 
ments of the constants PJ2^S, 2^S) and PJ2^S, 2'S). Its 
value, averaged upon the results of a great number of mea- 
surements is pJ2^S, 2^S) = (0.9 ± 0.1)10-'cm^s-* [29, 30]. 
At the conditions in which the curve 1, Fig. 7 was obtained, 
the density of He 2'S and He 2^S atoms on the tube axis 
were 4.1 • 10^^ cm"^ and 8 • 10'°cm~^ respectively. 

The rate constants P„, calculated from the experimental 
results by formula (2.57) and also the rate constants for 
close collision interaction, K„, of the small atoms, are pre- 
sented in Table II. The calculation of the close collision rate 
constant was made, using the relation [31]: 

K„ = av2- ^'««»/*6r(5/3)Ci/^(fcTJ^/ V" (4.1) 
Here, a = 1 for atoms of different kind, a = 1/2 for similar 
atoms; y is a term, accounting for the spin conservation (4/9 
for the 2'S-2^S couple and 1 for the other two couples); T is 
the gamma function; C« is the Van der Vaals interaction 




U IS 16 
Fig. 7. Electron energy distribution function in helium, 1 - experimental 
results : 2 - result of the data processing by regularization method. 
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Reaction rate constants, P„,for various reactions 
•onstants for close collision interaction, K„ as well 
e cross'sections, Of and 
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He(2'S) 


0 9 i 0 1 £42] 


092 


5 ±05 




:)-He(2'S) 


4.0 ±0.5 


4.92 


22.5 ± 3.0 


27.6 


VHe(2'S) 


4.1 ± 0.9 


3.36 


23.0 ± 5.0 


18.9 




0.38 ± 0.04 


0.86 


4.8 ± 0.5 


10.8 


:)-Nc('P,) 


1.3 ±0.4 


1.59 


16 ±5 


20.0 




1.2 ±0.2 


0.81 


22±4 


14.4 




1.1 ± 0.2 


0.52 


29±5 


13.5 


)-Xe('i'J 


0.19 ± 0.03 


0.48 


6.2 ± 0.9 


15.4 



H is the reduced mass of the colliding atoms; T, is 
temperature, in our case equal to 300 K. The con- 
were taken from [32]. 

!1 point out that in Table II arc presented the rate 
values with indicated accidental errors of mea- 
s and without distinguishing the channels of 
e and Penning ionization. They characterize the 
ate of fast electrons in the examined reactions and 
ith the rate constants for excited atoms quenching 
es, where different kinds of atoms take part. They 
>e multiplied by a factor of two, when the quen- 
e in symmetrical collisions of excited atoms is 
i. In the same table are given the effective cross- 
lues, determined as a ratio of the corresponding 
mt to the average relative atoms velocity, 

'!ay". (4.2, 

seen from the table, the measured rate values in 
z quite close to the calculated close collision rates, 
v's a high auto-ionization efficiency of the quasi- 
ippearing at the collision of the excited atoms, 
d be mentioned that under certain conditions the 
with participation of metastable atoms could be 
ficant in the forming of the electron energy dis- 
lot only in the currentless plasma. For example in 
g a glow discharge with a specific electrode con- 
in helium, for the first time the maxima on the 
n function have been observed, induced by the 
(1.1)-(1.3) and the corresponding rate constants 
calculated. 

nd argon 

instants of reactions between excited atoms in the 
2p*3s'P2, ^Pi, ^Fo and Ar SpMs^Pj have been 
i by the method described above [34, 35]. The 
and ^Po are metastable, while the level 'Pj is 



radiative. As far as we know, up to now, there have not been 
such data of direct measurements for the rate constant 
under consideration. 

In principle 10 binary reactions, involving atoms in the 
states 'Pj, 'Pi, 'Po and 'Pi could proceed. However, due 
to the small energy gap between the levels (several hun- 
dredths eV), it is not possible to resolve the spectra of these 
reactions. For this reason it is necessary to carry out the 
measurements at different ratios of the different excited 
atoms densities and to solve the equation system afterwards. 
Besides, it turns out that all the 10 constants could not be 
determined from the derived system, since a part of these 
reactions should give a negligible contribution to the total 
fast electron density (substantially less than the accidental 
error of measurements). Therefore, the equation system will 
be unstable. That is why a preliminary assessment of the 
expected rate-constant values for the resp)cctive reactions is 
necessary. It was done using the relation (4.1). The constants 
Q for the neon and argon atoms (further for the krypton 
and xenon atoms, too) were calculated by the Slatter- 
Kirkwood formula [31]; a value of 1 was accepted for the 
multiplier y since it is not known whether the spin conserva- 
tion rule is always abided by at the decay of the quasi- 
molecule [2]. 

The observed shape of the distribution function fast part 
in the neon afterglow plasma was presented above in Fig. 6. 
The maximum on the distribution function at energy 1 1 eV 
was used to find the fast electron density SjJ and the con- 
stants An equation system was worked out from the 
results of the measurements (more than 10 regimes). It was 
solved by the least square method. At that the three con- 
stants and are taken into account. The 
results obtained for the first two constants are shown in 
Table II. For the third one only the estimation f^^- < 5 • 
10'° cm^ s"' turns out to be possible. If we for the constants 
not accounted for in the calculation accept the close colli- 
sion rate values, this would not change the value of /S!^' ^' 
with more than 2% and the value of jSiJ- " with more than 
10%. This is an indication of the conducted calculation reli- 
abiUty. Since the density of atoms in the level 3p'4s ^Pj in 
the argon afterglow is between 70 and 95% of all the excited 
atom densities from the studied configuration, only the rate 
constant ^' was determined (see Table III). 

The following constant values: ^' = (0.37 

±0.1)10-'cm's-' for neon and ^„^-^' = (1.3 
± 0.4)10"' em's"' for argon are given in the works [36, 
37], made by the same method. They agree well with the 
data in Table II. 
C. Kryyton and xerwn 

The requirement for prevalence of the fast electrons free dif- 
fusion over their energy relaxation leads to a specific condi- 
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tio 8„ measurements for krypton and xenon, using 

th ameter 3.5 cm, turn out to be correct at pressures 

p t and discharge currents i<40mA. The total 

pc of the levels ^Pi, 'Po and '^i does not exceeds 

3^ i ^Pz population in these cases [38-40]. The 

yi ant numbers are given in Table II. In the work 

[4 experimental value in krypton was 

(1. !0"'cm's~^ (the methods of measurements are 

id The same authors [42] obtained for xenon 

^„ 6 ± 1)10" " cm' s"^ In [38-40] at the measure- 

mr the xenon metastable atoms density the corre- 

sp' transition probability value i4,» = 2 • 10*s~^ was 

us However, if for more recent data, ^4^ = 0.72 • 

1 s used [44], then the corresponding constant has 

to reased (2/0.72)' times and considered equal to 
lO"*°cm's"S as it is shown in the table. 

4." on spectra of the chemiionization 
It ady mentioned that the most detailed information 
a! processes (1.1)-{1.3) can be obtained by investi- 
g; electron spectra of the indicated reactions. With 
th le electron velocity distribution function (EVDF) 
w led by the smallest possible modulating signal. 
O )eak to peak amplitude was used in helium, while 
0. vere sufficient in krypton and xenon, due to appli- 
ca a storage registration system. Then, the electron 
sr re found by solving of the inverse problem. The 
k' le integral equation were the functions Ai^ j or 
th olution. A maximum of the EVDF, appearing 
fr ion (1.3) was used for absolute calibration of the 
er le. This method of calibration ensured 0.1 eV 
ai. t the measurements in helium, 0.02 eV in krypton 
a I V in xenon. The measured distribution and the 
re :ed electron spectra of the chemiionization pro- 
ce Iving two ^Pj metastable atoms in krypton and 
x> shown in Figs 8 and 9. To the best of our know- 
k ther experimental investigation of the CI electron 
sp suiting from binary collisions of two metastable 
a* s so far. A computer simulation of the ionization 
rc e(2'S)-He(2^S) spectra was done in the theoreti- 
cs: ^5]. However, there is an essential question of the 
el ectroscopy that has not been discussed in [45]. It 
ct he spectra overlapping of Penning (PI) and 
as (AI) ionization and is crucial for the electron 
sr )y practical application. This question was 
a 1 detail in [46]. The point is that at the spectra 
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f i, itnental electron velocity distribution function in krypton (I) 

an cted electron spectra (2). Pressure - 67 Pa, pulse current - 

1 0 day after the cunent pulse - 200 tis. 
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Fig. 9. Experimental electron velocity distribution function in xenon (1) 
and reconstructed electron spectra {2\ Pressure - 27 Pa, pulse cunent - 
40 mA, time delay tj„ =■ 350 jis. 

overlapping calculation difficulties arise, connected with the 
accounting for the quasistationary states. They are formed 
at the electron transition in the effective potential of the 
reaction exit channel. At that, depending on the experimen- 
tal conditions, two formulations of the problem make sense 
[47] : classical, in which the centrifugal barrier is considered 
completely unpermeable, and quantum, where the centrifu- 
gal barrier is considered completely permeable. In [46] was 
shown that the maximal width Ae of the overlapping region 
between the AI and PI spectra is 

Here, /i,,, are the equiUbrium distances of the terms of 
the initial and final states; £>,, Df are their depths in eV; Eq 
is the energy of the colliding particles in eV. The corre- 
sponding data [46] for symmetric collisions of the rare gas 
excited atoms are given in Table III. At that, the similarity 
between the rare gas metastable atoms and the alcalyne 
metal atoms was used in a number of cases. 

The value of Ae, small in comparison with the total spec- 
tral width (about leV) gives a reason to assume that the 
part Q quantities of the molecular ion yield in the total ion 
yield in the classical and quantum approaches are close to 
each other. It is possible, in this case, to neglect the influence 
of the quasi-stationary states, appearing due to the centrifu- 
gal barrier, on the efficiency of the molecular ion creation. 

The additional overlap of the AI and PI spectra can be 
connected with the velocity distribution of the colliding par- 
ticles. The analyses of the reaction He(2^S)-He(2^S) electron 
spectra [46], averaged on the Maxwellian distribution of 
atoms at T, = 300 K, shows that the overlapping value 
accounting for the additional widening (about kT^ agrees 
well with the estimation, made by formula (4.3). 

Using the computed spectra it was derived that Q = 10% 
in the quantum calculation, while the classical calculation 
gives Q = 14%. Therefore, if we have an experimental elec- 
tron spectrum, a reliable estimation of Q could be obtained 
by dividing the spectra into two parts at Eq = + ^T*' 
where = 2£i — £, . The electrons, appearing in AI have 
energies e > Eq , while the electrons bom in PI correspond to 
energies e < Sq . The yield of molecular ions determined in 
this way, is shown in Table IV. 

Such a seemingly natural division of the spectra, is in con- 
tradiction with the results of work [45], where the g-value 
for the reaction He(2^S)-He(2^S) was also calculated. 
According to other [45] data, Q ^ 80% in the thermal 
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Fundamental characteristics of the ionization reactions, involving excited 
oms 
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vibr. exc, 


Di experim. 
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e.% 


width. eV 


eV 


values, eV 
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15.05 


7±4 


2:0.5 


>2 


0.9 ± 0.2 




;2's) 


15.05 


16 ±6 


kO.5 


>2 


0.6 ± 0.2 






5.85 


13 ±6 


0.5 ±0.1 


>0.6 


0.6 ± 0.1 


> 




4.49 


12±4 


0.4 ±0.1 


>0.6 


0.4 ±0.1 



en 'ion. That should testify for strongly overlapping 

A I spectra in the classical calculation and for an 

ir ty to use the total experimental electron spectra 

fi : nation of Q. However, the testing shows [46], 

t\ ake was made in [45] at the calculation of Q. The 

y' le molecular ions for reaction He(2'S)-He('S), 

si able IV [46], agrees well with the work [1], where 

d obtained in merging beams, Q ~ (4.6 ± 0.6)%, 

a: he calculation results [46]. The molecular ions 

y'' chemiionization reactions of the couples 

H Ke(2*So), Kr(»P2)-Kr(»Pj) and XcCPahXeCPj) 

is ned for the first time. Similar experiments were 

c; I in neon, but the insuSicient scheme sensitivity in 

t; lows to find only an estimation, e.g. for the reac- 

t; 2)-Ne('P2) the molecular ions yield Q < 25%. 

i pay attention to the recent work [50] in which 

tl ion reactions in binary coUisions of the 2^S and 

2 > metastable atoms have been investigated by the 

e >ectroscopy method in beam experiments. The 

e' pectra of the corresponding reactions were 

o ith high energy resolution (36 and 70meV). The 

r' he thoroughly completed theoretical calculations 

fi ization cross-section, the electron spectra and the 

IT ion relative yield were compared with the experi- 

rr a. The Q values of helium, given in Table IV, 

a the results of work [50] within the experimental 

e s. The study [51], conducted in the afterglow of 

ti ligh frequency discharge by mass-spectroscopic 

tr o gives small yields of molecular ions, Q = 7% in 

r > = 5% in argon. 

bination of the experimental data obtained by 

tl ethod permits us to maintain that mainly atomic 

u rmed in the collision of two rare gases excited 

a molecular ion yield is Q < 25%). That is appar- 

e 0 the difference of the equilibrium intemuclear 

d f the initial and final state terms in these reac- 

t: 

nesting pecuUarity of the spectra obtained in 

k d xenon (Figs 8 and 9) is the existence of the 

s, \imum, corresponding to the classical turning 

p he quasimolecule potential curve. This special 

T ■ elative efficiencies for creation of heavy rare gases 

i< Pi,2 in the interaction He{2^' ^S\ + R 
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feature at 300 K is typical for the heavy rare gases. It wks 
not observed in He [46]. 

The circumstance that the AI electron spectra width is 
substantially less than the dissociation energy of the corre- 
sponding molecular ions Df (see Tables III and IV) shows 
that at slow collisions of excited helium, krypton and xenon 
atoms, the appearing molecular ions are in high excited 
vibrational states. This conclusion is correct also for the 
other rare gas atom couples [46]. It is connected with a 
considerable difference in the equilibrium distances for the 
terms of the initial and final states. With this circumstance 
the small value of Q has already been explained. 

If we presume that the equilibrium distances on the quasi- 
molecule potential curves correspond to the regions of weak 
changes of the respective molecular ions potential curves, 
then the dissociation energy, D,, of the quasimolecule could 
be found from the electron spectra. This value is determined 
by the energy width of the Penning ionization electron 
spectra on 44% height level of the peak [26]. It is given in 
Table IV. A satisfactory agreement can be seen between the 
obtained D, values and the Table V data. As it is well 
known, two possible states, ^P^/j and *PS/2 correspond to 
the configuration s^p' of the rare gas ion. The term ^P%i2 is 
situated 0.67 eV below the term ^P?/2 in krypton and 
1,19 eV in xenon [52]. The energies of the electrons bom in 
reactions (1.1) and (1.2), depending on the state of the 
forming ion, should differ in the same value. The existence 
of such a gap principally gives a possibility to distinguish 
between similar electron groups, since it is large in compari- 
son with the FWHM of the instrumental function, account- 
ing for collisions and for the modulating signal finite 
amplitude. The examination of the RJz) spectra show that 
the atomic ions in the ^P\i2 state and the corresponding 
molecular ions are formed in not more than 8% of the total 
ion quantity in Kr and not more than 6% in Xe. 

5. Penning ionization of Dormal atoms and molecules by the 
helium metastable atoms 

It is evident that the PIES method described above could 
immediately be applied for investigation of the Penning ion- 
ization processes between the excited and normal atoms and 
molecules. A substantial interest from the viewpoint of the 
theory and the practical applications represents the ioniza- 
tion of the heavy rare gases - argon, krypton and xenon 
atoms as well as the molecular gases - carbon oxide and 
nitrogen, by the metastable helium atoms. 

5.1. Ionization of the heavy rare gases atoms 
Investigations of the interaction reactions of He(2'Si, *So) 
with Ar, Kr and Xe were conducted in many works, whose 
results are summarized in [29]. The averaging of the results 



] shows that only the rate constant for ioniza- 



tic ^ton and xenon atoms by the triplet helium 
m torn is found with a comparatively small error 
(If he averaged data of the other rate constants 
p espbnding values with 50-80% errors. The rate 
CO tios PmJfim3> conceming the ionization of all 
rar Ar, Kr and Xc by the helium (2^So) and (2^Si) 
m toms were determined with similar substantial 
en his reason, it seems expedient to conduct mea- 
su: f the ratio P„JP„3 by the new method of PIES, 
wh e from the shortcomings inherent to the beam 
mc fflculties with the measurements of the excited 
at 7) as well as to the methods, based on record- 
in cited atoms density veriation in time or in space 
(tt : of other competitive processes for the metasta- 
bl destruction). The examined reactions could 
pr ugh the channels (1.1)-(1.2). The application of 
m scopy and electron spectroscopy methods in 
be s us to determine the relative yield of the molec- 
ul uclear ions at the interactions He(2*' ^S) + R{R 
- 1 gas atom) [29, 53]. The relative contribution of 
as onization in the total cross-section of the pro- 
ce (1.2) has been found, respectively, and its value 
dc eed 10-15%. So, at the reactions He(2'' ^S) + R 
IT ing ionization is going on. 

sis of the Penning ionization spectra shows 

[5 as, a result of the reactions {R = Xe, Kr), 



H 



H 




Hc-H/?*{^P3/2) + e(£piX (5.1) 
Hc + R^eP„2) + eie,i), (5.2) 



He + /l*eP3/2) + e(ap3). (5.3) 
He + /?*(^Pi/2) + c(£p4), (5.4) 



^1.1/2 



J? " be formed in two states, ^Pj/i and *Pi,j as it is 

in of interaction between two excited rare gases 

at section 4.2). Besides, the term 'Pj/j of argon is 

si ^'eV above the term ^Ps/i. The corresponding 

d> ton and xenon has already been given. 

I ner works [26, 53, 56, 57] it has also been found 

th; energy spectra width of the reaction 

(l-I y R) and the shift of its maximum from the 

en lave small values (<0.1eV). The angular dis- 

tr the forming electrons was studied in a limited 

ra scattering angles 6 = 20-90° [47, 48]. In partic- 

ul 90° the relative e£Bciendes for creation of ions 

^ i have the values given in Table V. 

iy, using the available information, the PIES 
applied for more reliable measurements of the 

P ization rate constant ratio, PmJfimi, and for 

d n of the averaged over the scattering angles 

io te constant ratio with a creation of ions I?* in 

th '3/2 and (there are no such data in the 
U 

ments [58] have been carried out in the after- 

g' 1 of a pulse discharge in a glass tube with a 

r: 1, at He pressures 0.3-0.8 Torr. The admixtures 

0' rare gases were in the range of 10" '-10" ' Torr, 



pulse current values 60-1 00 mA, pulse duration 10-20 ^s, 
repetition frequency 1 kHz, time delay at the measurements 
60-100 us. At that the electron density varied in the interval 
lO^^-lO^'cm"^. In order to account correctly for the con- 
tribution of the ion current second derivative in the experi- 
mental EEDF measurements were conducted of the probe 
current second derivative under conditions similar to the 
examined ones but in pure helium, where the maxima 
caused by the reactions (5.1H5-4) are absent. The corre- 
sponding curve allows to determine the ion component 
value at measurements in He + mixtures. 

5.1.1. Helium-xenon mixture. Typical result of EEDF 
measurements under conditions when the triplet and the 
singled metastable helium atoms densities are comparable is 
shown in Fig. 10. In this case, it was possible to observe all 
four maxima dependent on the reactions (S.l)-(5.4) in the 
energy region 6-9 eV. It is seen that the observed peaks are 
partially overlapped. For separation of the curves related to 
each of the reactions in particular, the obtained recordings 
were handled by the following procedure: in compliance 
with that already mentioned above, the small width oiRJs) 
(it's width as well as the widening, connected with the radial 
field is substantially less than the widening value due to 
interactions in the volume and the finite width of the setup 
instrumental function) enables to put down the dependence 
RJe) in a delta-function form and then to account for the 
widening connected with the finite width of the experimental 
device instrumental function and the interactions in the 
volume. The experimental curve was approximated with the 
function thus obtained by the least square method. Figure 
10 presents every maximum (points), found in this way. 
Their summation (dotted line) is close to the experimental 
data (solid line). As a result, the ratio of the efficiencies for 
creation of two ion states Xe* in the interaction He(2^' 'Sq) 
+ Xe was found: 

^»¥V^mT' = 2.4 ± 0.2; /t'i"V^«/" = 1-3 ± 0.3. 

It should be pointed out that the PIES method gives 
value averaged on the scattering angles. This value coincides 
with the analogous data, shown in Table IV for 0 = 90° in 
the uncertainty range. P^Jfimi = 2.7 ± 0.5 was also deter- 
mined by averaging of the different measurements data. We 
shall point out that the error of this value is substantially 

f.tO*tV**crrr' 
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Fig. 10. Electron velocity distribution function in He-Xe mixture. Mea- 
surement conditions: p-0.8Torr He and 10"»Torr Xe, pulse current 
i - 42mA, u., ~ SSyis, AT. - 2 • 10"cm-', density of He(2*Si): N*?' - 
2 -10" cm"*, density of He(2*So): ATH' - 5.2 • 10">cm-^ Modulating 
voltage amplitude: 0.6 V. 



lo e error of the same P^i/fim3 value derived by 

a e resalts obtained in various works. 

I thi/ ratio and using the value of = (1.53 

r °cm's"* (known with a good accuracy [3]), 

t M for 300 K can be determined as follows: 

§ : l)10-"cm's-^ 

um-krypton mixture. The experimental curve of 

E remcnt in He-Kr plasma is shown in Fig. 11. 

S ergy gap between the Kr* ion states 'Pj/j and 

^ , -r than that one in Xe, the maxima coming from 

th s (5.1) and (5.4) are completely overlapped in 

c the He + Xe mixture. In order to compare the 

e each of the processes (5.1)-(S.4), the experimen- 

t -n treated in this way: initially, as in the xenon 

IT , the partially overlapped maxima were separat- 

e 11, where the results of such a procedure are 

s jols.are here as in Fig. 10). Further, the depcn- 

d e ratios of the fast electron numbers in the 

sc he third maxima, or in the second and the first 

r s drawn as a function of the different metastable 

a ies ratio. This enables us to find 

^ -2.4 ±0.4; ^„TVftJ^^' = 1.4 ± 0.4. 

F nstant ratio )S„j/^„3 the value P„i/P„3 = 2.9 

t ierivcd and, using the well known value of 

^ ± 1.2)10" ^ ^ cm^ s- ^ [3], the /J«i value at 300 K 

c nined: 

^ 0.7)10- lOcm^s-^ 

•um-argon mixtta-e. The energy gap between the 

s* and of the argon ion is small (atO.lSeV) 

a lently' the PIES method does not allow to 

r naxima on the EEDF, corresponding to the for- 

r le Ar"^ in these two states. For this reason only 

^ .1 ± 0.3 constant ratio was found for the He-Ar 



5 m of the carbon oxide molecule 

I of the heUum metastable atoms with the CO 

n thermal energies the Penning ionization reac- 
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f m velocity distribution function in He-Kr mixture. Mea- 

s lions'i » - 0.36Torr He and 9 • 10"*Torr Kr, pulse cunent 

( e deUjirr,., - 70ms. AT. = 3 • ID'Ocm"*. density of He(2'S,): 

A cm-', density of He(2'So): ^L" - 1-3 • lO^cm"*. ampU- 

tu Julating voltage - 0.4 V. 

p 1 5n 



tion is the only one observed ionization process. 

He(2'Si) + CO -» He + CO *(X*5:) + e(5.8 eV), (5.5) 

He(2»So) + CO - He + CO*(X»J:) + e(6.5eV). (5.6) 

The rate constant K„3 for quenching of the He(2'Si) atoms 
in collisions with CO is K„3 = (16 ± 3)10"''cm^s-^ at 
T, = 300K (averaged on the nine works which we know). 
The value derived by averaging over the works [59-63] 
results seems to be more precise. It was obtained by the 
most reliable techniques - the flowing afterglow and the 
flash photolysis. In this case, K„3 = (10.0 
± 0.6)10" ^'cm^s"'. The quenching constant K„i of the 
atoms He(2^So) is measured in two works [59, 64]. The 
divergence between them is two times, but the ratio of the 
constants for quenching of the states 2'S and 2^S is equal 
(3.2 + 0.3 and 3.3 ± 0.6). From this value the rate constant 
for quenching of the state 2^S can be obtained: 

K„i =(32 ±0.6)10-" cm's-^ 

The reactions (5.5) and (5.6) cross-section energy depen- 
dences were found in the work [65]. These dependences are 
translated into absolute units by normalizing against the 
quenching rates from work [59], which for CO practically 
coincide with the average values shown above. The absolute 
cross-sections (without normalizing by a quenching rate), for 
fixed energies (30, 60 and 140 me V, respectively) are mea- 
sured in works [66-68]. The difference between the data of 
these works and the results of [65] is from 30% up to 3 
times for the 2^S state and from 40% up to 2 times for the 
2^S state. Such a divergence is a consequence of the large 
systematic error of the beam method, appearing in the 
device calibration procedure. 

At thermal collisions (besides the reactions (5.5) and (5.6)) 
are the processes possible: 

He(2^Si) + CO -* He -I- C + O, (5.7) 
He(2iSo) -I- CO -» He + C + O. (5.8) 

The excessive energy, 8.7 cV in the first case and 9.5 eV in 
the second, can be lost for excitation of atoms. The rate 
constant of the reaction (5.7), leading to a formation of 
atoms C* with excitation energies 7.5-7.9 eV is measured in 
works [69, 70]. The total probability of CO dissociation 
with excitation of these levels turns to be small. In compli- 
ance with the more precise data [70], it is equal to 2%. 
According to the opinion of the authors of [70], the remain- 
ing 98% are entitled to Penning ionization. 

It is just the value (=sl), of the reaction (5.5) branching 
factor rj„3, that allows to normalize the cross-section, 
obtained in [65] against the rate constant (5.5) for quen- 
ching of He(2'Si) atoms. The same has been done for the 
process (5.6), although there is no information about the 
branching factor t]„i in this case. 

It should be noted that, besides the C* levels examined in 
[69, 70], in reaction (5.7) is possible, by the energy conserva- 
tion law, the population of the lower metastable levels of C 
and O, as well. The possibility for simultaneous excitation of 
the lower levels of C and O, for example the state C 'S^ and 
the state O^Sq, with 8.4 eV summary energy could be pre- 
sumed, too. For this reason the problein of the reaction (5.7) 
rate constant value, and, hence the reaction (5.6) rate con- 
stant value is not completely solved. All the more this could 



b '^or the processes involving He(2'5) atoms, since 

i S.8) more C* and O* levels, including those near 

t ;ance one can be excited from the viewpoint of 

e ervation than in reaction (5.7). 

irect measurement of the processes (S.5) and (S.6) 

r nts was conducted for the first time, using the 

I od. The investigations were carried out in a 

I CO gas mixture at a pressure of O.STorr (the 

s impurity density does not exceed 5 • 10"*%, 

a to the spectral and chemical analyses data). A 

c blowing through of the examined gas mixture 

V in order to exclude the cataphoresyses and to 
e e debris of the plasma chemical reactions in the 
I \ pulse periodic discharge (duration of the active 
J ^s, period - SOOfis) was fared in a tube with an 
i ter 2.3 cm, The EEDF measurements were con- 
ci 0-150 (IS after the current pulse end (the time 
r vas 5|i$). A typical EDF in the energy regions 

V hemiionization reactions take place is shown in 
} 

acteristic maxima correspond to the reactions 



} CO -» He + CO*(X*i:) + e(5.8 eV). (5.9) 

} CO -* He + CO^Oi^I.) + e(6.5 eV). (5.10) 

•ma at 14.4 and 15.4eV appear as a result of, 
3 ussed, reactions involving two triplet and triplet 



helium metastable atoms. The rate constants of 
>ns are well known and the EEDF in this region 
) control the accuracy of the fast electrons and 
atoms density measurements in specific experi- 
ditions. At the separation of reactions (5.9) and 
ibutions, it was accounted in accordance with 
heir spectral widths could be neglected in com- 
h the widening due to the interaction processes 
rimiental function of the recording system (0.2 V 
he following rate constant values were obtained: 
z 0.1)10-^° em's-' for reaction (5.9) and = 
) - cm' s " ' for reaction (5.10). 




F energy part of the distribution function in He + 0.1% CO 

IT ire 0.5Torr, pulse current lOmA, r^,, « 40ns, density of 

F " = 1.4-10"cm-» density of He(2%): JV<}'-4.4- 

1 maxima correspond to the reactions: 1 - to reaction (S.9), 2 

to reaction (He(2'S,). He(2»S,)), 4 - to reaction (He(2'S,X 

h 



The large energy spectral width ('^2V) [72] of the reac- 
tion: 

He(X'- ^S) + CO - CO*(A*II) + He + e(2.5-4eV), 

and the fast growth of the ion current second derivative, at 
probe potentials below 4 V, prevents accurate determination 
of the respective constants. The value /S{*3' = (0.15 
± 0.06)10-*° cm's"^ was obtained for the reaction involv- 
ing He(2'Si). The process 

He(2'' *S) + CO -» CO*(B^2:) -I- He -f- e(l, 0.2 eV) 

has not been revealed, since there is a large number of Max- 
wellian electrons in the region where the electrons of these 
reactions will appear. 

Using data from works [70, 72-74] for the relative yield 
of CO* ions in the states , A^n„, B^I* , at reactions 
of the type (5.5) and (5.6), the total rate constants for 
Penning ionization are determined: for reaction (5.5X Pm3 ~ 
(9 ± 2)10" "em's- S and for reaction (5.6), /?„i=(2.4 
± 0.6)10" '"em's"*. Respectively for tj„3 and ti„i the 
following values are derived, tj^j = 0.9lo;2. flmi - 0-8 ± 0.2 
and nmihmi = 0.85 ± 0.15. 

From these data it follows that the main channel for 
quenching of metastable helium atoms by CO molecules is 
the Penning ionization. For the He(2'S j atoms, that is in 
compliance with the results of papers [69, 70]. Moreover, it 
agrees with the data of work [75], showing that the prob- 
ability for Penning ionization in collisions with He(2'Si) 
exceeds 0.6 for all examined molecules, while for the two- 
atomic molecule it exceeds 0.7. For collisions with He(2'5) 
such results were not available before. 

The data presented so far show that the absolute values of 
the Penning ionization rate constants are determined in the 
PIES method using the simplest calibration procedures, 
which introduce minimum errors. As a result the errors of 
the obtained results could be reduced to 20-30%, which is 
near to the errors of the contemporary methods for mea- 
surements of the rates for the metastable atoms quenching. 
The derived data can be used afterwards for a calibration of 
the energy dependence of the cross section for Penning ion- 
ization (or, in the common case, for chemiionization). This 
appears more justified than the calibration using the quen- 
ching constants since in this case the assumption that the 
branching factors in the ionization are equal to 1 is not 
necessary. Besides, from the comparison of the ionization 
and quenching rate constants, the fj„ values are yielded with 
25-40% errors. The methods for ri„ determination used in 
the previous works [75, 76] do not have smaller, but in 
many cases bigger, errors (up to 100% [75]), at that practi- 
cally they give only the relative values, while a calibration 
using "bench-marks" processes with well known rate con- 
stants, or >;„ values, are needed in order to obtain the absol- 
ute values. 

5.3. Ionization of the nitrogen molecule 
Because the N2 molecules have a structure similar to that of 
the CO molecules, their ionization by the metastable helium 
atoms has a lot in common with the former case. 

Let us remind that it is necessary to conduct the investi- 
gation of the Penning ionization by the PIES method in a 
mixture with a small content (~0.1%) of the molecular gas 
because with the molecular density growth the life time of 



le atoms decreases and the relation between the 

£ he initial electron spectra becomes too compli- 

c axation parameter could be close to unity). The 

a ^librated He-Nj mixtures did not allow to 

a .-xperiments in a regime of blowing through the 

g control the Nj density due to the "hardening" 

et lis reason only the rate constants ratios, which 

d: end on the nitrogen pressure in the examined 

m e determined by the PIES method. At the same 

til ative character of the measurements increases 

th y of the results. Figure 13, [77], shows typical 

re EEDF measurements under the conditions: 

h sure 0.4Torr, nitrogen pressure 3 • 10"*Torr, 

c e 8 mA, delay time 75 (is, discharge repetition 

f 3 kHz. The densities of helium metastases in 

t S and 2^S were, respectively, 3.1 • 10*° cm"^ 

a '°cm"^. In this mixture, as in the He-CO 

rr following reactions are going on : 

I- 'j-He + N2^(X^I) + e(4.2eV), (5.11) 

F NIj - He + N^(X^Z) + e(5 eV), (5.12) 

P Nfj - He + N*(A^n) + e(3.1 eV), (5.13) 

F Nfi He + N^iA^n) + e(3.9eV), (5.14) 

I 2 -» He + N^(B^Z) + e(0.9eV), (5.15) 

I ^j-He + N|(B^I) + e(1.8cV). (5.16) 

on (5.15) can hardly be detected by the PIES 

rr e this energy region is influenced by the energy 

d Maxwellian part. The reaction (5.16) reveals 

i peculiarity on the background of a rapidly 

ir n current. The reaction (5.14) spectra is compa- 

r due to the contribution of difTerent vibrational 

1> ions. The energy disposition and the branching 

f e different ion levels in the recorded spectra 

a the range of errors with the data of works [74, 

7 reactions (5.11)-(5.16) have been studied before 

b .od of Penning electron spectroscopy mainly 

[ 1 as by measurements of the He(2^5i) density 
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f on velocity distribution function in He with small admix- 

ti >n of asiociative ionization. The maxima correspond to the 

r. o (5.16). 2 - to (5.13). 3 - to (5.11). 4 - to (5.14) and 5 - to 

p . «J 



decay in the flowing afterglow [59]. The advantages and the 
shortcomings of these methods have already been discussed. 

The value of the quenching rate constant for the triplet 
atoms is well known. By averaging of a large quantity of 
works it is K„3 » (7.1 ± 0.1)10"" em's"* [29]. As far as 
the respective rate constant for He(2*S) is concerned, up to 
our knowledge there is a single work in which this value 
is determined with a substantial error: K„i = (17 
±5)10" "em's"' [59]. According to [70], the basic 
channel for quenching of the helium metastable atoms by 
the N2 molecules is the Penning ionization (that agrees with 
the CO molecule data obtained before). Therdbre, the mea- 
surements made by the PIES method at known branching 
factor of the reactions (5.11)-{5.16) [74, 78, 79], enable to 
derive the constant ratio Pmi/Pmi = 2.1 ± 0.1 with a satisfac- 
tory accuracy and to decrease the error of the value K^i, 
shown in [59]. At that it becomes 

^^»i=(15±3)10""cm's-^ 

It should be pointed out that, in principle, it is possible to 
examine the Penning reaction between the metastable atoms 
and the molecules in an excited electron state by the PIES 
method under similar conditions, for example: 

He(2'' *S) + Nj(A'E) - He -I- + e. (5.17) 

There are no similar data in the literature. In accordance 
with [80], the relative part of the electron excited molecules 
in a plasma of helium mixture with a small nitrogen 
addenda could reach several percent of the normal mol- 
ecules density. The electron spectrum of the reaction like 
(5.17) was detected on the EEDF recordings in the energy 
region 7-11 eV. However, measurements in a regime of 
blowing through the mixture, combined with optical mea- 
surements of the N2(A'2:) molecule density are necessary in 
order to obtain quantitative data. 



6. Queodung of the exdted rare gases and mercury atoms by 
the electrons 

This part of the work is dedicated to the examinatidn of 
reaction (1.3) in the rare gases and mercury afterglow 
plasma at the electron temperature range 300-3000 K by the 
method described above. We shall point out its merits 
regarding the superelastic collision study. First, it is a direct 
method, since the rate constant of the considered process, 
fiXQ, is determined immediately by the forming particles - 
the fast elearons. On the second place, using the heating of 
the electron gas by an additional pulse [24], it is possible to 
determine the PJiTd temperature dependence. On this 
ground we can make a judgment about the near threshold 
behavior of the excitation and deexcitation cross-sections. 
By definition, the process (1.3) rate constant is connected 
with the quenching collision cross-section Oii^) by the rela- 
tion pJiTd = <<r2(£) • v{e)y. Here, v(e) is the velocity of an 
electron with energy e. The averaging is made over a Max- 
wellian electron distribution with a temperature T,. The 
excitation cross-section ffi is connected with <T2 by the 
detailed balance principle [29] : 

^2(8) = ffi(«i + «) • («i + «) ■ 0.- 



e to the theory [81], the <t, dependence on the 
rgy near to the excitation threshold is of a 
type. However, the esdstence of energy levels, 
\g to a creation of negative ions could change 
w-nce and lead to a non-monotony in the ffi(e) 
2]. The appearance of resonances complicates 
cal calculations of (7i(e) in the near threshold 
n. For the rare gas atoms, as far as we know, 
>rks [83, 84] are completed in helium and neon, 
erable quantity of iniformation is stored by the 
s of electron beam scattering on atoms in normal 
blc states (see for example [85, 86]). However, in 
- works the uncertainties in the electron beam 
\5-0.7eV. Therefore their results are not useful 
(7i(£) behavior in the near threshold region that 
3Sted in. The intensive development of the beam 
he last years decreases the energy spread in the 
tron beams substantially [87-91]. Thus, in [87] 
50meV and even 4.88-9.7 meV in [88, 89]. 
he devices used in the experimental works 
1 not allow to carry out the excitation cross- 
lute measurements. Few are the works Uke [91], 
"^solute values of the differential cross-section for 
f Kr 4p'5s states were obtained by a beam with 
->read 33-3SmeV, but for three scattering angles 

siderations should highlight the actuaUty of the 
imental determination at low electron tem- 



'ind the absolute value of the rate constant PJiT,) 



e-He(l^So) + « 



(6.1) 



)erature dependence, a maximum at the energy 
of the EEDF was used [30]. The data for 
•"ar in the literature [33, 92-97], reveal substan- 
icies in the constant absolute value as well as in 
empcrature dependence. Let us pay attention to 
nstant ^, temperature dependence. The most 
from the experimental works is [96]. The elec- 
excitation function in helium, (Ti(e), was studied 
of secondary electrons in this work. The initial 
curve, corresponding to the excitation of the 
tate 2^Si was used by many authors to find 
XTc). The results of these calculations depend 
on the method by which the paper's [96] 
1 curves are approximated. Some authors [33, 
d ffi(8) ^ (e — c,) for energies (e - £i) below 
s of eV and obtained Oii^) = const, and ~ 
luthors, for example [97], considered Oi(e) ~ (e 
d obtained (T2~b~^'^, = const. In our 
experimental data of [96] did not give a possi- 
?rmine firmly the constant ^, = /!,(T,) depen- 
i most frequently existing temperatures in the 
< 2000 K, since the energy spread of the inci- 
beam was 0.1 eV. Apparently, it is also diSlcult 
: this dependence by examining the 2^S level 
the afterglow, as, for example, it has been done 
is case several plasma parameters (N,, N„, 



should be measured simultaneously, with a high accuracy, in 
order to obtain reliable results. 

The accuracy of the rate constant temperature depen- 
dence determination can be increased substantially in this 
way: as seen from the relation (2.5), the ^, value is pro- 
portional to St at fixed and N„ numbers. Therefore, if we 
could vary the electron temperature to a certain degree in a 
given afterglow stage and measure 5, at constant and 
JV„, the ^.(rj dependence can be derived. A second pulse, 
delayed to the main one, was applied to the discharge tube 
electrodes in a selected afterglow moment [24] for such 
variation. This pulse creates a weak electric field which 
increases T, without changing N, and N„ . 

Figure 14 shows the results of S, measurements under the 
following conditions: the helium pressure is O.STorr, the 
current of the main pulse is 1.2 A, the second pulse delay is 
350 ns. The current and the electrical field intensity in the 
second pulse varied from 5-35 mA and from 6-34mV/cm. 
The constancy of the metastable atoms density at variation 
of the second pulse current was controlled, using the area of 
the , EEDF maximum at energy 14.4 eV, which was pro- 
portional to Ni,. This density remained constant within 5% 
accuracy. As seen from the picture, and, consequently, )?, 
are constant within 10% of the value in the range of exam- 
ined temperatures (550-1 100 K). 

The theoretical calculations [84, 98] and the results of 
the experimental work [92] also show an independence 
on temperature at T, < 1000 K. The constant absolute 
value was determined by formula (2.5): ^, = 
(3.1 ± 0.6)10"'cm's"^ This result is quite near the data 
of works [92] - (4.2 ± 0.6)10"' cm* s'S [84] - 
(2.9 ±0.1)10-' cm' s-» and [96] - (4.5 ± l)10-'cm's-'. It 
coincides with the averaged value (2.8 ± 1)10"' em's" S 
reported in [29]. 

6.2. Neon and argon 

The maxima on the EVDF at energies of 16.6eV and 
11.5eV respectively were used [34, 35], to investigate the 
reactions 



Ne(2p'3s ^Pz) + c Ne(2p* ^Sq) + e, 
Ar(3pMs ^Pz) + e - Ar(3p« 'So) + e. 



(6.2) 
(6.3) 



As four reactions, involving lower excited states 'Pj, 
^Pj 2, 3, are possible in the Ne and Ar afterglow, let us 
introduce designations ^Z", where the index k = 0, 1, 2, 3 
relates to atoms in the states 'Pq, *Pi, ^Pi, 'Pi- To our 
knowledge, there were no data from immediate determi- 
nation of these constants for electron energies e < 1 eV until 
the works [34-37]. 



-^ t- + + + + 



T,.tfK 



5 7 9 n 
Fig. 14. S, depesdeace on T, ia helium. 



-^ergy gap between the sub-levels of the exam- 
tion was 0.05-0.13 eV, while the modulating 
de was calV, the value of = Si*> deter- 
VDF was a total for all the four possible reac- 
>re, the constant yielded by using Sf* 
ffective constant 

of the data processing of measurements in 
n in Fig. IS. 

0 the theoretical predictions [83, 99] the rate 
superelastic collisions involving atoms in the 
"i, 'Pj and 'Pi are comparable. Besides, the 
<«<0.25; N<?VA^« < 0.05; iV<?VAr5;> < 0.01 
in our experiment. For this reason, it was 
the obtained effective constant pf^ is the rate 
f (6.2) and (6.3). The value did not depend 
rature in the range T, = 470-1600K within 
It is equal to: = (2.0 ± 0.3)10" '° cm^ s " ^ 
e rate value is constant within ±20% limits in 
;« 800-1 500 K. It is equal to: ^,*' = (4.0 
m's"*. 

:, for an average electron energy of 0.06 eV, 

1 = (2.7 ±0.5)10" "em's"' in neon and 
.5)10" "em's"' in argon. 

nergy resolution in the investigations of the 
s excitation by electron beam experiments was 
8]. Even these results do not allow to calcu- 
dependence of neon and argon in a wide elec- 
ure range and to compare the calculated 
e ones presented above. The point is that the 
section curve for a summary excitation of 
Po metastable states is given in [88] and since 
p between these states is 0.09 eV in neon and 
Ton, that confines the possible )S,(T,) calcu- 
-lectron temperatures 7; < 600 K in neon and 
argon. The lower temperature limit is detcr- 
bcam energy spread. It is 300-400 K. That is 
t the consideration of the level excitation 
:;urve character in the threshold region. It 
ur res ults tha t this cross-section is close to the 
-) — Bj. It should be mentioned that the 
5r the cross-section, obtained from the 
has a integral character and is not sensitive 
cture of this dependence, 
re shown the cross-section af\e) ~ - z^, 
ig the measured rate constant ^e^', and the 
taken from work [88] and calibrated in an 
. The calibration was fulfilled, using the rate 
s which we obtained at T, = 600K in neon 
C in argon. 




Fig. 16. Energy dependenoe of the cross-section for excitation of the 
level in the threshold region: 1. 2 - resulu of the works [32] and [33] 
respectively for neon and argon; 3, 4 - resulto of the beam experiments [61] 
for neon and argon; poinU ate ion calculation results, taken from [56]. 

6.3. Krypton <md xenon 

Two circumstances were accounted at the conducting of 
measurements in heavy rare gases. First, as it follows from 
Table I, the role of the fast electron impact excitation of the 
normal atoms into the 'Pj and 'Pi states increases in 
krypton and xenon. That provides a decrease of the fast 
electron number S*** in the EVDF maximum in which we 
are interested (9.9 eV in Kr, 8.3 eV in Xe) at electron tem- 
peratures r, > 600K, and complicates the relation between 
S</' and Second, the energy gap between the 'Pj and 
'Po metastable levels increases in comparison with the 
lighter rare gases and is 0.65eV in Kr and 1.14eV in Xe, 
which enables to plot the /Ji^'(T,) relative temperature 
dependence in the range 500 < T. < 2000 K. For this reason 
the following procedure was accepted: the rate constants for 
quenching the 'P2 metastable states by slow electrons were 
determined, using the described above PIES method in the 
decay plasma at temperatures of 600 K. The other excited 
states densities turned out to be negligibly small. These 
values are: = (3.4 ± 0.5) • lO-'^cm's"' for krypton 
and = (6.9 ± 0.7) • 10"'° em's"' for xenon. After that, 
the dependenoe ^^KQ, plotted in arbitrary units according 
to the results of [88], was calibrated at a temperature of 
600 K, using the values given above. The curves obtained in 
this way arc presented in Fig. 17. Therefore, the knowledge 
of the rate constant enables us to plot the ffi(e) depen- 
dence of work [88] in an absolute scale. The corresponding 
curve of xenon is shown in Fig. 18. The determined rate 
constants of quenching of the metastable atoms by slow 
electrons are presented in Table VI. 

6.4. Mercury 

The investigation of the quenching in the mercury afterglow 
shows that the rate constant value for electron impact dcex- 

^O'(T,),l0-*cn,'s' 



-stant PSL) dependence on T. in neon: 1. p - 120 Pa, 
n-*, S. -7- lO'cm"', N. - 3.5 • iC'cm"'. 2. 
- 3.5 • 10"cm-',S. - 10* cm"'. A?, - 1.7 • 10" cm"'. 



Fig. 17. Temperature . 
sions between electrons and 
(curve 2). 



2 T,.«PK 
of the rate constant for superebntic colli- 
I of Xe »P, (curve 1) and krypton Kr »P, 



ults of determination of the rate constants for 
lie metastable atoms by slow electrons in rare 





p, dependence 


Range of T, 


10""'cm*s"' 


on r. 


variation, K 


31 ±6 




550-1100 


2.0 ±0.3 




470-1600 


4.0 ±0.8 


const 


800-1500 


3.4 ± 0.5 


see Fig. 17 


600 


6.9 ± 0.7 


see Fig. 17 


600 



- metastable atoms is substantially higher 
spending rate constants in the rare gases. At 
he constant turns to be: )S, = (2.9 ± 1.2) • 
That is connected with the fast rise of the 
'or excitation of the 'Pj level close to the 
een from the Fig. 19. For calibration of this 
d in [100], the rate constant presented above 
he cross-section value at the £ = 5.6 eV 
2 • 10"^*cm^. It is somewhat lower than the 
cross-section, measured in [101], 
1^) and the calculated value, 3 -10" "cm* 



the processes creating fast electrons apon the 
meters 

esented so far show that the processes (1.1)- 
a significant role in the decay of the excited 
•-he creation of electrons, atomic and molecu- 
the plasma is a system, whose parameters are 
ected, the examined reactions influence other 
for example the recombination, the stepwise 
i forming of the electron temperature, etc. 
ifTerent experimental conditions the role of the 
■. hich fast electrons appear is diflferent, so in 
■oecific consideration of these phenomena and 
- on the plasma parameters is necessary. A 
sis of the reactions (1.1)-<1.3) possible influ- 



ence upon the plasma parameters is given in review [6]. 
Here we shall consider briefly some of the problems which, 
in our opinion, are of most interest. 

7.1. Character of the electron diffusion, the ambipolar 
electrical field and the near wall potential jump with an 
account of the processes creating fast electrons 
The problems considered in this part have been discussed in 
detail in many works (see for example [9]), without taking 
into account the fast electron sources. 

Let us analyze the diffusion of the charged particles in the 
low temperature plasma at conditions, when fast electrons 
are born in CI reactions (1.1), (1.2) and in supcrelastic colli- 
sions (1.3). We shall choose as an object for investigation a 
weakly ionized currentless plasma, where the role of these 
processes is most significant. Two regions could be distin- 
guished in radial direction (a cyhndric geometry volume is 
considered): quasi neutrality region and near wall region, 
where the charges are divided and a potential difference, <l>h , 
appear. It balances the currents of ions and electrons and 
sustains the plasma quasi neutrality in the volume. 

The ion and electron fluxes are given by the expressions: 

J, = N,u,= -D.VJV, -!-*,£, AT, 

= -D„\N„ - b„N„E, - D^tVN^ - fc.f JV.f E.. (7.1) 

Here, n is the drift velocity, N is the density, D and b are 
the coefficients of diffusion and mobility, E, is the ambipolar 
electric field. The index i refers to the ions, e refers to the 
electrons, es corresponds to the main group of electrons, ef 
refers to the fast electrons. Considering the ion distribution 
as a Maxwellian one, we will get: 
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n cross-section of the 'P, level in xenon. 

'-).lO*cm» 
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n cross-section of the ^Pj level in mercuiy. 
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(7.2) 



Here, < > denotes averaging over the EDF, v,, is the reson- 
ance charge exchange frequency of the ions on the atoms. 
The flux of electrons at a known EEDF is: 



_47l_ 

" 3 - Jo 



J, 
where 



''fiiy'T)dv 



. Sr 



(7.3) 



(7.4) 



is the orientated part of the EDF. For a Maxwellian dis- 
tribution of the main electron group 

f=.f. (7.5) 
i>„ e 



For the fast electrons: 



'«<V,>f' 



»I<V.>f' 



(7.6) 



where if is the fast electrons average energy. The averaging 
in (7.5) and (7.6) is made on different EDF:/o, and /or- It is 
not difficult to obtain more rigorous expressions for D^, b^ 
and 8r, using the known /o, form. 
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, > Di; b,>bi, from (7.1) for the ambipolar 

igct: 



(7.7) 



n from (7.7), it is created by the radial gra- 
nd N,f. For the ratio EJE„ we obtain the 



'(T.iVJ. 



(7.8) 



-2^10-' 



7, ' 



(7.10) 



"e N„ 



(7.11) 



-)wn field of ambipolar diffusion for a Maxwel- 
e existence of fast electrons do not influence 
At that, the ambipolar potential difference is 



(7.12) 



ider the near wall potential jump in this case, 
md, as usual, from the equality of the electron 
n the wall. The flux of ions to the wall at their 



= Z).iV,(0)Ji(2.4)/A, 



). 



(7.13) 



n flux to the wall, T, = r„ + T,,, is expressed 
.3), substituting the lower integration limit 
le /i(», r) has to be calculated at r = K. The 
the main electron group flow to the wall for 
rms are obtained in [103], with an account 
a departure and the inelastic processes influ- 
jlar, at a Maxwell distribution of /„ near the 
9, 103]: 



NJQ)exp 



r, (7.13) and r„ (7.14). It is 

9^ = ^\n{y/M/y/iii6y/iji{Z4)). (7.15) 

At K<i., the fast electrons, bom in CI reactions and 
quenching collisions, influence the near wall potential jump 
value [11, 103, 104]. If cO^ < Cp, Bj, then the fast electrons 
move to the walls in a free diffusion regime. As a result,/of is 
described by the formula (2.23), (2.38), e.g. it is a narrow 
peak in the energy region of their origin. Then, from (7.3) or 
immediately from the kinetic equation for the flux of fast 
electrons to the wall we get: 



r.-W- 

r example in He, where Sv^^T - 10*p: 

T,~ iV.pTe • 

T in the final expressions: N„, N, in aa~'; p 
ineV. 

ad (7.8) the boundary cases follow: 
^,,6, - the average energy of the electron gas 
1 T,. Then, < £„, Af„ = JV, and 



(7.9) r^-r. + f. 



p,NJir)N,ir)ydr. (7.16) 



Introducing [105], the diffusion parameter P = r,f/r, (T., 
and r, are given by (7.16) and (7.13), respectively) and equal- 
izing the electron, F, = F., + F„, and the ion flux to the 
wall we obtain: 



.(-f)ln(l-P). 



(7.17) 



It should be pointed out that (7.17) is correct at <l>h < «p, fii . 
That is equivalent to the condition P < 1. 

From (7.17) is seen that in the conmion case, the near wall 
potential jump value is determined not only by the Maxwel- 
lian electrons (main group), but also by the fast electrons. It 
increases in comparison with the value 4>iu„, calculated at 
the assumption of MaxwelUan distribution when P 
increases. The relation (7.17) becomes incorrect at P 1, 
Oh -» «pf «i- In order to maintain the quasineutrality, part of 
the fast electrons flow, equal to F,r - F,, is trapped in the 
volume. In this case the near wall jump is equal to the 
energy by which the fast electrons appear (t^ £p, Ej and 
the EEDF consists of a continuous electron spectrum, 
instead of a sharp peak as it is at K > 1. 

The appearing fast electrons at e<f>{R) > Sp, Ci are trapped 
in the volume and the EDF could be found by solving eq. 
(12) with boundary conditions (2.21). The EDF at e < e<j){R) 
docs not depend on r [7] and for a determination of /of(w) 
the kinetic equation (2.2) should by integrated from r to 
ri(w). As a result, the first term in (2.2) becomes zero and the 
kinetic equation will have a form, formally coinciding with 
the local case form by an exchange of the kinetic to the total 
energy and the coeflicients D^w), K.(w), v^(w), J?/w) to the 
coefficients /5.(e), VJie), v^M ViJc), K/e), using the relation 
(2.22). 
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(7.18) 



(7.14) 



2 



v,{e - «^r))y(£ - e<Kr)) ■ r dr. 



'1 potential <M^) = 4 
2). 

ih pressure and (or) large N,), the appearing 
undergo energy relaxation in the volume 
ig the wall. Their flux to the wall is small and 
alculated as for a Maxwellian DF, equalizing 



while <1>, is given where the indices j = m, c; k = mc, Im, while is deter- 
mined from the condition w — = e(/>(rt), e^ = E^, Ej. It 
should be pointed out that at s > T,, ri(w) = R. From (7.18) 
we get : 



IjRj 



JX>-o(e))ro(g) 
e<l>'{ro)y/ej 



{0{e - ej) + e(tj + e,piR) - e)) 



(7.19) 



pe form of the source Rj energy dependence 

-1 of the equation obtained in this way could be 
a manner similar to the local case which was 
hove in Section 2.3. 

. e shall pay attention to the currentless plasma, 
mperature T, usually is low, therefore the pro- 
emiionization and superelastic collisions influ- 
ubstantially the distribution function fast part 
ider the tyj^ conditions when the main group 
(Maxwellian electrons) determine the ambipolar 
plasma and the ambipolar difference of poten- 
ral TJe (see relation (7.12)). At tiiat, the large 
wall potential e^R) >e,,ei > T„ equal to the 
h, is given entirely by the near-wall jump, O^. 
t>„ e<l>(R). Similar conditions are accomplished 
of anomalous potential jump which we discuss 

example is the experiments on controlling the 
rt. In case s^, > e<&. , the difference between w 

neglected in (7.18X (7.19) and the kinetic equa- 
trapped electrons will coincide completely with 
ise equation (discussed in Section 2.3.2). The 
ction is that the sources intensity, Tj, does not 



be mentioned that two cases could be realized in the process 
of plasma decay at X < 1: first, P < 1 and e<5h < Sp, «! in 
the initial time period; second, P > 1, s Sp, Ei in the 
successive periods, when the electrons cool to low tem- 
peratures. The appearance and the evolution of this inter- 
esting phenomenon was observed in the rare gases afterglow 
plasma [104]. For example, the results of the EEDF fast 
part measurements in xenon at conditions: p = 0.2 Terr, 
i = SmA are shown in Fig. 21. A transition from a free dif- 
fusion regime (P < 1) to a regime with an anomalous large 
potential jump (P > 1) occurs in the course of time in the 
afterglow. Simultaneously with the time growth, a creation 
of a continuous electron spectrum in the energy region 
8<4.5eV is clearly observed. That corresponds to the 
analysis conducted so far. Figure 22 shows the results of the 
potential, 4h> measurements for the same experimental con- 
ditions as well as the results of the O,, value calculation by 
relations (7. IS) and (7.17). It is seen that accounting for the 
fast electrons leads to an agreement between theory and 
experiment 

B. T^N„ < 8,j9,f . This case is not examined in detail, but 
it is important for the practice because such conditions can 
materialize in cryogenic afterglow plasma. It follows from 
(7.7), (7.8), that in this case E„ < and 



'/r)Tdr. 



) either the formula (2.43) or the limit expres- 
(2.S4) with a substitution of Tj for will be 
,f . At < 1 the fast electrons EDF represents a 
>ie region e < e<l>(R). The same situation was 
iC local case. The regime is nonlocal so an 
he /or radial dependence will be a distinctive 
. the local regime. The distribution functions of 
ial points will coincide in their fast parts, 
iments conducted in the afterglow plasma com- 
rm these conclusions. As an example, the results 
easurements in xenon afterglow plasma at pres- 
2Torr, JV, =- 3 • 10' cm"', N„ = 6 • 10" cm"', 
<nd e^R) si 4.3 eV are presented in Fig. 20. It is 
EEDF radial dependence is practically absent 
iistinctive feature of the nonlocal regime at 
s the growth of the number of fast electrons in 
with the case e<f>{R) <( ep. Indeed, at e<f>{R) < Bp, 
id by relation (2.23) and N,, =^ jJ.i^iti,. At the 
^rf ^ ^«^i/(v, + <5vJ at e4>{R) > fip . All this is 
}y Fig. 20. The EEDF at e4>{R)<e, is also 
. dashed line there. Thus, for the electron dis- 
nction calculation in the regime when anom- 
ial jumps appear, the expressions are correct 
obtained with a substitution of T,, - F, for Tj in 
eO„ , and T, for Tj in (2.23) at 8 > . It should 



n velocity dutribution iuaction in xenon afterglow plasma 
e tube axis (IX and on 9 cm distance from the axis {2\ (r/ 
) s: . Curve 3 is for the tube axis at «^Jt) < t, . 



(720) E = 



\N, 



'e N.f 



(7.21) 



It is seen that the ambipolar field is determined entirely by 
the fast electrons and sharply increases in comparison with 
the field, calculated under the assumption of a Maxwellian 
EEDF and without accounting for chemiionization reac- 
tions. At that evidentiy, its T, dependence is absent The 




Fig. 21. Electron velocity distribution function in xenon decay p 
different moments of the afterglow period. 



Fig. 22. Near wall jump of the potential ^ xenon afterglow plasma; 1 - 
experimental result, 2 - calculation without taking into account the fast 
electrons appearance and arising of anomalous potential jump, 3 - calcu- 
lation accounting for these effects. 



an < sion coefficient, pensates the ion flux to the metallic wall, e.g. 

D. -Qs^Diit/T,, (7.22) 2b, TNE^lnr dr ^DJ[yN\,^2nRH. (7.23) 

in can lead to an abrupt decrease ofthe time for ^° 

an sion to the wall. Respectively, an account of From this expression it is possible to get an estimation for 

th ances can change the ratio between the 

re losses of the charged particles and their ^ _ + TJTJ H (y,N),.^ 

de le wall. It can lead to an acceleration of the ' ft, R N 

pi Under similar conditions for the fast elec- ^ ^ j. 

trc - with a trapping of part of their flow in the '^'n"B ^^'^^^ 

vo ys accomplished. R ■ e 

ons show that this case can be realized in the For this reason the longitudinal field, could not be 

ex f helium cryogenic afterglow, where at taken into account further at the analyses of the EEDF 

p < ypical conditions are: JV, = (5 • 10' forming in a regime with a trapping potential (TPR). This 

- N„ = (10" - 10")cm~', T; = (10 - 100)K circumstance was confirmed by the direct experiments, when 

[' r, these effects were not taken into account in a voltage pulse was applied in different afterglow moments 

tl 1 works (see for example in [105]). Direct on the tube electrodes. The corresponding longitudinal field 

rr of EEDF, T, and <ti are necessary for more of the pulse was adjusted to be equal to in TPR. At that, 

d is of these interesting problems, but as far as in agreement with (7.24), the plasma parameters (N„ T.) in 

V. data are not available in the literature. the regimes under investigation practically did not change. 

The surface area of the reference electrode in TPR should 
not be so small because the electron current on it has to 

7. ' 7 ofthe energy distribution function and the compensate the ion flux to the metal wall. 

pa '« currentless plasma In the case of EEDF nonlocal forming {K < 1), using a 

T' es could implement in the non-local regime negative potential, applied to the wall, it is possible to make 

o* lasma as it was shown above in Section 7.1. a transition from regimes with maximums in the EEDF fast 

If ch is equivalent to e^R) < Cp, the appearing part (2.23), (2.38), to a "step" type distribution, described 

f; ove to the walls in a free diffusion regime. As approximately by relations (2.43), (2.49), with sources aver- 

a s a tnnTitniim on the EEDF fast part due to aged according (7.20). The fast electron number increases 

t: 1-3). If r,, > r„ an anomalous large near- ~[(2v, + <5v,)Tdf] times, what could really be 1-2 order of 

V. jump, e^R) si e^, appears. Part of the fast magnitude. 

e! energy e < e^/l) is trapped in the volume By changing of the blocking potential value, AV, one can 

ai ous electron spectra appears on the EEDF. control the value of the EDF "step", since it turns out that 

T is observed during the plasma decay process, one or other part of the fast electrons, born in the energy 

w ssary conditions are fulfilled (see Fig. 21). region of i?Ju) and /?» existence, is blocked in the volume. 

h -matic investigations in the regimes with Thus, it is possible to regulate the slow and fast electron 

a ire complicated by the fact that these regimes ratio in a wide range by the proposed method, 

e ow range of conditions and arc not always As it was already pointed out, the EDF enrichment at 

0 hat, it is not possible to regulate the value of w> could lead to several interesting effects: rising of the 
t )". electron temperature, T^, connected with this an acceler- 

Dns could also be created artificially [106], ation ofthe plasma deionization and corresponding decreas- 

b given regulated blocking potential on the ing of N,, growth of the number of excitations from the 

t e from conducting materials. We shall con- metastable states. Further will be presented an experimental 

s' anism of the EDF forming in this regime study of the influence of EDF controlled fast part upon 

r these parameters of the decaying plasma. A periodic dis- 

se that the bigger part ofthe discharge gap is charge was fired in a tube with a total length of 43 cm. A 

e metaUic cylinder with a radius R and length thin Ni cylinder with radius R = 1.8 cm and a length of 

/ lose to the inner tube wall. If we apply if = 9 cm was fitted on the tube wall. The tube construction 

b inder and the reference electrode a negative allows: to burn the discharge between different couple of 

r wje, blocking the electrons and thus artifi- electrodes; to apply a negative potential on the wall and to 

c i the <[>, value, then practically the whole carry out probe and optical diagnostic of the decaying 

p in the plasma will be concentrated in the plasma. 

n of the volume charge. The ambipolar field Typical results of EDF fast part controlling experiments 

V . with an accuracy up to the term « are shown in Fig. 23. A negative pulse with a voltage AK is 

1 r wall potential jump value will increase up applied on the wall electrode 60 ns after the end of the dis- 
t tead of several TJe in the case when such a charge pulse. The EDF is recorded in this afterglow 
P >. applied). This conclusion is also confirmed moment. The electron temperature, determined from the 
b potential measurements made by moving EDF slow part, 7, = HOOK, as well as the electron density, 
P yielded by the method of additional pulse with different 

' hand, since the electron flux on the wall probe couples and averaged upon the radius, A^, = 3.7 • 

r > Ep/c) a longitudinal field should appear 10*''cm"^ did practically not change in the conditions 

i he movement of electrons in this field com- when AV is switched on. 




10 t2 tt 16 W.^ 

:>F fut part in helium decay plasma. Pressure: 1.2 Ton; 
imA; AK (volts) 1 -0. 2- 12, 3- 15, 4- 25. 



on curves 1-4 (Fig. 23) correspond to the 
. bora in a result of the chemiionization reac- 
ing He (2^5i) metastable atoms. With increas- 
more and more of the fast electrons turn to be 
r quantity in the EDF high energy part sub- 
eases. In addition, the absence of radial depen- 
EDF step part is confirmed experimentally, 
ame time at AF = 0 the value of the maxima 
is it follows from the consideration in Section 



tion of elastic electron-atom and 
'■on collisions by the PIES method 
fast electrons at local forming has the "step" 
(2.50) Section 2.3.2). From expression (2.50) is 
las a simple relation with the values of the 
n-atom, v,(e), and electron-electron, v,(£), colli- 
es. In principle, they could be determined by 
DF measiurements. However, the measure- 
F in local regimes are complicated by the lim- 
le probe method at high pressures. If the 
)-(1.3) serve as fast electron sources, the EDF 
e at such pressures (pR > lOTorr • cm) is com- 
^dl(sec(2.52)-(2.54)). 

jcal case (K < 1), at a regime with continuous 
ra (anomalous potential jump), (see Section 
xperiments of the electron energy distribution 
ction 7.2), the EEDF also has a "step" form: 

V. + SvJ, (7.25) 
— r, in the regime when the anomalous 
J appears (see (7.13), (7.16)). The averaging on 
g expression (7.20). 

.ioned above that the regime with continuous 
ra exists in a limited range of conditions and 
s be observed. Besides, the F^, and F, values 
d only from the solution of the self-consistent 
lem. The uncertainty at F^, - F, calculation, 
T this, allows to determine the v,(£) and ^v,(8) 
ence only in relative units. 
Its of the EEDF, conducted in a regime of 
itential jump [107], were used for determi- 
■"requency, v, , of helium in arbitrary units. In 
Q was proposed to use the regime with a 



control of the electron energy distribution (see Section 7.2) 
for absolute measurements of the frequencies v,(8) and v,(8). 
The experiments were conducted in helium and xenon after- 
glow plasma. A pulse discharge with a duration ~ 10 ns and 
repetition rate — IkHz was burnt in a similar glass tube 
(radius R = 1.8 cm) with a conducting cylinder closely fitted 
to the wall. Sources of fast electrons in this case were reac- 
tions (1.1)-(1.3) in which the metastable atoms Hc(2^Si), 
(fip « 14.4 eV, £, = 19.8 eV) and Xe(^P2), (fip =^ 4.5 eV, e, = 
8.3 eV) take part. The negative voltage pulse was applied 
10-20 ^s before the measurement phase on the metallic 
cylinder inside the tube. 

In order to test the possibilities of the proposed method 
experiments were conducted for determination of the elastic 
electron-atom collision frequency, v., in helium at condi- 
tions when V, 4 Sv, for energy e ~ Ep . 

On Fig. 24 are shown the EDF forms, yield in one of 
these regimes in He afterglow (the blocking potential 
= 0 and 25 V, delay time - 150 ns after the end of the 
discharge pulse). The maxima on the curves are formed by 
fast electrons, bom in reaction (1.1). The error in the EEDF 
absolute value determination did not exceed 10% and was 
controlled by measurements of the reaction rate constant 
using the PIES method. 

As seen from Fig. 24, the number of fast electrons sharply 
increases in the blocked regime while the EDF has the form 
of a step. The result of EDF calculation, according to rela- 
tion (7.25) with a v, frequency taken from [109, 20], is 
shown there by a dotted line. The tiny maximum, appearing 
on the step, widened at the expense of the instrumental func- 
tion, is connected with the fast electrons diifusion departure 
through the metallic cylinder ends. Since the number of 
these electrons is not large and is in compliance with the 
corresponding estimations, it isn't necessary to take into 
account this departure in the calculation. Thus the mea- 
sured and the calculated EEDF coincide with a good accu- 
racy. That testifies for a coincidence between the 
experimentally determined v, value and the literature data, 
and indicates for an absence of substantial systematic errors 
of the measurements. 

The beam methods and the drift tube experiments are 
widely used in measurements of cross-sections for elastic 
scattering of electrons on atoms [109]. Such cross-sections 
are yielded with enough accuracy in most gases. However, 
quite amazing is the situation with electron-electron colli- 
sions, whose role in the plasma kinetic is well known. In 
spite of that, due to the inapplicability of the traditional 
experimental methods, as far as we know, direct measure- 
ments of the v,(w) absolute value was not carried out so far. 
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Fig. 24. The EVDF fast part in helium afterglow. Current pulse 100 mA; 
pressure 0.7Torr; NJfi) = 166 • 10" cm"', f), = 1.4 • lO'^cm"'; Curve 1 
- AK - 25 V, r, - 1680K; Curve 2 - AK - OV, T, - 930 K. Dotted line - 
calculation using [105]. 



. the possibflity of the v,(w) direct cxperimen- 
n by the EDF in afterglow, turns out to be 
ae. 

.ation of the v,(e) dependence we choose 
ditions when v, > ^v, in the energy region 
rimental curve and the experimental condi- 
] are shown, as an example, in Fig. 25. In 
pare measured with calculated EDF the 



(7.26) 



At K > 1 the effective energy E^, introduced by the fast 
electrons with initial energy e' to the slow electrons is: 




fast part in krypton after^ow. Current pube: 160 mA; 
VJO) - 5.6 ■ 10" cm"', fi, - 3.9 • iC'cm"*: Curve 1 
. 200K; Curve 2 - AK - OV, T, - 1000 K. Dotted line - 
.05, 106]. 



(727) 



t[v.(e) + 5v.(e) + v^(6)£^e] 

and the term in the energy balance equation accounting for 
the heating of the main group of electrons has the form 

H, = 2£,rKej)///3JV.. (7.28) 

As seen from (7.28), E^, = if v, ► 3v,(e) + v„Jie)EJe. In 

the opposite case, £,„ < e". 
When and P<1: 



"(K)/J?^cm-Y"e(cV). 

^ fi, was determined by the plasma conduc- 
mined stage of the afterglow, 
ependence of v, ~ !/»' in the energy range 
confirmed by the form of the distribution 
stant under the condition v, > dv, (see Fig. 
on afterglow. The value y = 2.0 ±0.4 was 
e multiplier 7 in [108]. 

port the temperature of the MaxwelUan 

'hat as electron temperature T, we accept the 
the main group electrons, which should be 
energy balance equation. It is evident that at 
t coincides with the average energy of the 

s (1.1)-(1.3) have effects upon the electron 
two ways. On the first place the interaction 
rons with the main group electrons leads to 

3n the second place the presence of the fast 
to a change in the energy losses by diffusion 

.lain group electrons. 

ier these problems in detail. 

he main group electrons by the fast electrons 
1 case the fast electrons, arising in reactions 
lissipate their energy in several ways: (a) in 
h slow electrons; (b) by collisions with gas 
ecombination at the tube walls and in the 

between (a), (b) and (c) leads to a situation in 
ive energy, introduced by the fast electrons 
into the electron system can assume any 
o to e. These problems have been studied at 
[14]. Using it we shall derive the necessary 



£.f«(«') = v.(8)Ta^ey. 



(7.29) 



Since, in this case v.Tjf < 1, practically the total fast elec- 
tron energy is carried away to the tube walls. The relevant 
heating is expressed by formula (7.28) with £,«(«') the 
form of (7.29). 

At X > 1, P > 1, as it is noted above, part of the flow 
— r, turns out to be trapped in the volume. Its effective 
energy E^ is determined by formula (7.27). The correspond- 
ing heating term in the energy balance equation is expressed 
by (7.28) with an exchange of f, for P., - ^^ . 

The other part of the fast electron flow, which is equal to 
r,, goes to the wall in a free diffusion mode. The corre- 
sponding heating is analogous to that discussed at X < 1 
and P < 1. Usually, it could be neglected in comparison 
with the heating by the trapped electrons. 

B. Variation of the electron temperature at the expense of 
diffusion cooling 

These losses are a sum of the energy, carried away by the 
electrons to the walls and the work spent to overcome the 
potential gap, <t>{R), between the tube axis and the wall [9]. 

The problem of the diffusion cooling has been considered 
most completely in the work [103], where it is shown that 
the corresponding term in the energy balance equation has 
the form: 

K>1 



i/,i=2(2T. + e^R))/(3Tj, 



K ^ 1, P < 1. - 2(27, + e^(l?)Xl - P)/M 



(7.30) 



K<UP>1, i?d3 = 0. 
A common expression for </>(l?) is yielded in paper [103], 
taking into account the possible change of the wall potential 
in comparison with the MaxwelUan distribution, resulting 
from the departure of the main group electrons to the wall, 
the presence of fast electrons arising in reactions (1.1)-(1.3) 
and the stepwise processes. 

If it is possible to neglect the stepwise processes and if the 
main group of electrons has a MaxwelUan distribution in 
the volume including the near wall region, then 4>h is 
expressed by the relation (7.17), while *. is expressed by 
(7.12). 

The diffusion cooUng is influenced by the chemiionization 
reactions and the superelastic colUsions in two ways. First of 
all the main group electrons flow to the waU is less than the 
ion flow by the value of the fast electrons flow. This is 
accounted in (7.30) by the multiplier (1 - P). Besides that, 
with the rise of the diffusion parameter P the <I>h value grows 
(up to £p/e at P = 1). As can be seen from (7.17) and (7.30) 
when P increases, the diffusion cooling effect decreases 



wall potential growth) and at P 1, 0. 

means that at P-*l the near wall jump 
-> such a value (Cp/e) that practically all of the 
}ns turn to be trapped in the volume. In this 
lectrons ensure the equalizing of the ion and 
0 the wall as well as the losses for sustaining 
mbipolar field and the near wall potential 
he fast electrons get their energy from the 

(as it foUows from (7.30), too) the diffusion 
e main group of electrons is switched off in 
ons. Naturally, during the transition from 
= 1 case, a gradual decrease of is taking 

Mon of the diffusion cooling relative part in 
ance of the electron gas (see [70]) shows that 
, calculated at the assumption of a Maxwell 
function in the conditions range 
• cm), is comparable or exceeds the energy 
!astic electron-atom collisions, e.g. this term is 
n electron gas cooling. Owing to this at the T, 
similar conditions (for a typical ~ 1 cm that 
'o gas pressures p< l-3Torr), the incorrect 
< could lead to serious mistakes in the T« deter- 
seen from (7.30), when the diffusion parameter 
decreases (down to zero at P -» 1). For this 
ding on the value of this parameter, it is pos- 
nine the temperature relaxation in the after- 
iffusion cooling at small P, while at large P - 
losses, and the rate of the 7; decrease substan- 
From these considerations it foUows that the 
arameter P should be controlled carefully at 
ion. 

balance equation of the main group electrons 
Ionized plasma has the form: 



(7.31) 



^ are the losses of electron energy in elastic and 
tctions, H, (7.28) describes the heating of the 
ectrons by the fast electrons, is the diffu- 
\s follows from the examination made above, 
31) has substantially different form at'the dif- 
ter value P < 1 and P > 1. In these cases the 
3) have different effects upon the temperature 
e the continuous electron spectra in the after- 
.0 not usually appear soon after the end of the 
^e, a transition from P 4 1 to P ^ 1 is possible 
.') relaxation. We conducted experiments in the 
of rare gases and made the corresponding cal- 
",(0. For example the measurements and the 
suits in a regime with P < 1 are shown in Fig. 
resents results for which the diffusion param- 
changes from P < 1 to P > 1 in the course of 
cay. A good agreement between theory and 
1 be seen. Substantial discrepancies appear if 
reactions creating fast electrons are not 
n the calculations. 

upon the charged and excited particles densities 
plasma, the rate of the impact-radiation ion- 
ly small due to the low T, • The chemiioniza- 
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Fig. 26. Relaxation of the electron temperature in the afterglow plasma. 
Xenon, p - 0.1 Ton, i - 10 mA. Crosses - experiments, solid line - calcu- 
lations, 1 - taking into account reactions (l)-(3), 2 - without accounting for 



tion processes are the single effective mechanism of 
ionization. In case of absence of CI processes, the plasma is 
decaying with a characteristic time, tj,, of ambipolar diffu- 
sion in a diffusion mode ofx, = (aA/^,)"* of recombination in 
a volume charge particle losses. Thus, after removing the 
excitation source, the electron density monotonously falls 
down with a characteristic time in, = (^i* + ^rM"^ in the 
common case. In the presence of a comparatively high 
density, of the long living excited atoms (particularly 
metastables), the CI processes with these atoms lead to a 
situation when beginning in a certain moment, the rate of 
the Njt) decrease substantially changes and is determined 
by the lifetime At NJt) > NJf), sometimes a paradox- 
ical situation is realized, when the charge particle density 
increases in the decaying plasma. 

When the charge particles extinction is controlled by 
recombination, similar effects have been observed even in 
[110]. In the diffusion mode analogous effects are observed 
under conditions, when a free diffusion mode did not take 
place for the fast electrons and an anomalous potential 
jump appear as considered above [11]. That stated so far is 
illustrated by Fig. 28. where possible cases in the time 
behavior of iV,(t) in the afterglow plasma are qualitatively 
presented. 

It should be pointed out that conditions, when the pro- 
cesses of chemiionization influence the electron density and 
temperature temporal curves are typical for the afterglow of 
a weakly ionized plasma in noble gases and their mixtures 
up to pressures of several tens of Torn 

More interesting, and unexpected at first sight, is the 
population of the excited states by the chemiionization pro- 
cesses. Actually, if we presume that in the decay plasma the 
EEDF is Maxwellian with a temperature abruptiy falling to 
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Fig. 27. Relaxation of the electron temperature in the afterglow plasma. 
Krypton, p 1 Torr, i « 80 mA. crosses - experiments, solid line - calcu- 
lations, 1 - taking into account reactions (1H3), 2 - without accounting for 
these reactions, with an account of the elastic electron-atom collisions only. 

PhviHra SrHMa Vt 




F e behavior of the charge particles density time variation 

ir isma. 1 - a decay without accounting for the cfaemiioni- 

zi -4 - decay curves at different ratio between the rates of 

c ) ocesses, recombination and diffusion. 



ature in time, then at 7; < 0.5 cV the conclu- 

s nbination population of the excited states is 

r ^'ever, as it was already shown, owing to the 

c n processes and to the superelastic collisions 

t electrons in the EEDF fast part turns out to 

b s of magnitude higher than that of a Maxwel- 

1 n with the slow-electron temperature T, . The 

d t electron number is relatively slow. For this 

r distribution function should play a consider- 

a ; electron impact excitation from the metasta- 

b wise excitation), even at low T, < 0.5 eV. Such 

a r the helium afterglow plasma was indicated 

i 111]. In work [112] expressions for the step- 

V calculation were derived and also the relative 
i s process and the recombination in the popu- 
1 ited levels were considered. 

on case the probabiUty of the stepwise exci- 

t resence of fast electrons can be given by a 

S IS 

\ K<2, (7.32) 

V d W^2, are the rates of excitation in a unit 

V 'evel n from the level m. They are expressed 
b wn formula 

\ <z)vUByJl de, (7.33) 

V e excitation cross section, A£^ is the energy 
t =s,f. 

tive calculations the particular expressions 

f d in Section 2 and the data of <r«,(E), for 

e ork [69], should be substituted in (7.33). 

1 pay attention to the following important 

r ''e , when < WUi, the stepwise excitation 

i y the fast electrons, appearing in reactions 

( is case the efficiency of excitation depend on 

t fast electrons and the values of the param- 

e \XKt> i and arbitrary P, and also aXKP I 

a value in the relaxation process is deter- 

r ?havior of iV^(t) and decreases at decreasing 

; and P > 1 (regime with anomalous jump of 

t is determined by the value NJifi^'Nl 

1, depending on the conditions iN„, N,, TJ, 

c -r decrease as well. For this reason the 



behavior could exhibit a nonmonotonous character. There- 
fore, the maxima observed on the temporal curves of the 
spectral Unes intensity in the afterglow [8] plasma, could 
not be from a recombination origin. The relative partici- 
pation of the stepwise excitation and the population of the 
excited levels at the expense of the impact-radiative and dis- 
sociative recombination in the afterglow plasma of noble 
gases were analyzed in the work [112]. It was shown there 
that a thorough control is necessary for a possible popu- 
lation, due to stepwise processes in the weakly ionized 
plasma of middle pressures, at conditions when the recombi- 
nation population of the levels is determined by the impact- 
radiative recombination. At low pressures, when the main 
channel of the molecular ion Nj formation is not the con- 
version of atomic into molecular ions but the chemiioniza- 
tion processes, the stepwise excitation competes successfully 
with the more effective recombination population by the 
dissociative recombination. 

In particular, at conditions considered so far, the appear- 
ance of the potential jump, when iV, grows up due to the C I 
processes, changes also the character of the inequilibrium 
excited atomic levels distribution from a recombination to 
an ionization type. 



8. Summary 

At present, a vast amount of information has been derived 
for the ionization and quenching processes involving excited 
atoms, owing to the application of different experimental 
methods. The chemiionization processes in which partici- 
pate two excited particles, especially in the radiative states, 
are quite interesting for theoretical analyses and practical 
applications. In this field more works could be expected in 
the nearest future, including the use of laser excitation and 
deexcitation of the separate levels. 

In order to obtain most complete and detailed results 
about the examined processes, it is indispensable to search 
for a complex application of different methods: mass- 
spectrometry, Penning electron spectroscopy and PIES. This 
will enable us to use the advantages of each of them and to 
mutually compensate the shortcomings. 

It is necessary to enlarge the amount of derived informa- 
tion by increasing the sensitivity and the resolution of the 
experimental devices. As far as the PIES method is con- 
cerned, a detection of the electron spectra in plasma with 
energy resolution 30-50 me V and sensitivity 10*cm~^ will 
be possible in the nearest future. The resources of the PIES 
method could be increased by its application in the flowing 
afterglow plasma and also used for a study of the chemiioni- 
zation processes in cryogenic plasma. 
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